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ABSTRACT 
This research is related to the buck] ing/postbuckling, interaction and load sharing 
behaviour of continuum/skeletal structures manufactured from advanced composites in 
which the continuum is connected to the skeletal frame at discrete nodal joints. 
Different configurations of skeletal frames connected to a square plate at nodal joints 
were investigated under inplane uniaxial compressive loading utilising nonlinear load- 
displacement finite element analysis. An optimum configuration was chosen and 
experimental models of the optimum structural system were tested and the results were 
compared with those of the numerical models; good agreement between the two 
techniques were demonstrated. A parameter study was carried out and as a result, a 
structural unit was developed which can be used as a module in a modular construction 
of load bearing structures where the continuum part of these units serves two functions; 
those of a stressed structural system and those of a cladding panel. 
The developed structural units were utilised in a stressed skin double layer roof system. 
An experimental scaled model of the roof structure was manufactured and tested, the 
results of the experimental investigation validated a numerical model of the roof which 
in turn was employed in a parameter study of a full scale GRP structure by application 
of nonlinear load-deflection analysis. The parameter study confirmed that the 
governing design factors were the deflections of the structure and/or the buckling of 
the members. Recommendations are made to economically maximise the stiffness and 
ultimate load capacity of such structures. 
Buckling characteristics of the structural unit was further improved by pre-tensioning 
of the continuum part of the structure, now, in the form of a double skin with the 
skeletal members sandwiched between them. An experimental investigation proved the 
practicality of the suggested prestressing technique and verified a finite element model 
of the proposed double skin structural unit. The experimental results demonstrated that 
prestressing improved the initial buckling of the structural unit by 95%, and that the 
unit had advantages in design for serviceability where the lateral deflections of the 
structure are restricted. The findings of a parameter study of these units displayed that 
in some cases, the initial buckling of the system can be increased by as much as 600%. 
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Chapter 1 
Introduction 
In structural engineering it is often possible to combine two dissimilar construction 
units to obtain an upgrading of the primary structural system to a situation which the 
structural capability exceeds either of the two separate units. The present work is 
related to the plated structures in which a skeletal system is combined with a 
continuum system resulting in -a continuum/skeletal structure; the materials utilised in 
the structures are advanced composites (fibre reinforced composite materials). 
A composite material is essentially a heterogeneous material which consists of two 
parts; the reinforcing elements producing the high strength and stiffness of the material 
(e. g. glass or carbon fibres) and an isotropic matrix providing the integrity of the 
material and the efficient action of the reinforcing elements (e. g. polymers like 
polyester or epoxy resins). The strength and stiffness of the composite material can be 
manipulated by varying the type, position, orientation and the volume fraction of the 
fibres. Another factor affecting the stiffness and strength of the composites is the 
method of manufacturing. There are three main types of composites which can be 
manufactured depending on whether unidirectional fibres (UD), bidirectional fibres 
(woven rovings mat, WR), or chopped strand mat (CSM) reinforcement is used. There 
are various techniques for the manufacture of fibre reinforced polymers (FRP). The 
two techniques which are related to the current work are briefly discussed here. The 
skeletal members are manufactured using the Pultrusion technique [1.1]; in this 
method the continuous strands of a reinforcing material are pulled through a resin tank 
and then through a heated die to form continuous lengths of a desired cross-sectional 
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shape, or the resin is injected into heated mould to impregnate the fibres there; the 
latter method is the one which is generally used in industry. The composite units 
manufactured thus are usually straight, although a slight curvature in the longitudinal 
direction can be achieved. The continuum part of the structure is manufactured using 
the Hot press moulding technique; in this method the fibre reinforcements and a 
controlled amount of hot resin are confined between heated matched metal dies of 
temperature 135°C brought together under pressure. The application of this degree of 
heat will ensure that curing takes place. Sheet moulding compound (SMC) or prepeg 
can also be used for manufacturing of the continuum. This material is a polyester resin 
based material which consists of consists-of chopped strand mat or chopped fibres, 
resin, fillers, catalyst and pigment. The fibres vary in length and content, between 12 
and 55 mm and 20 and 35% by weight, respectively. They are produced and supplied in 
the form of a continuous sheet wound into a roll and protected on both sides by sheets 
of polythene film; the later is removed before loading into the press. 
In the majority of steel structural skeletal systems the loads which the structure 
supports are assumed to be applied at its node points and in the case of a double layer 
skeletal system designed to enclose an area, sheeting and /or glazing would be placed 
over the framed structure and supported at its nodes; generally it would be assumed in 
design that the continuum enclosure did not stiffen or strengthen the skeletal structure. 
Where a similar construction is to be manufactured utilising fibre/matrix composites it 
would be expensive and wasteful of the material if the covering to the skeletal structure 
were not used as a load bearing medium. The author is suggesting that in 
manufacturing a stressed skin structure, the skeletal members (tubes or rods) would be 
made from the pultrusion technique and the continuum (the stressed plate or skin) 
would be manufactured from the hot press moulding technique. In the construction 
industry, it is likely that the fibres which would be utilised in the construction would be 
glass encapsulated into a polyester resin matrix. 
The inherent low modulus of elasticity of glass fibre composites causes problems of 
instability and low stiffness in the structures made from this material. In space frame 
roof structures, low stiffness would cause large deformations which are unacceptable in 
service conditions and buckling of members could result in sudden collapse of the 
structure. Therefore, the major design factors would be the stability of the structural 
elements particularly under inplane loading and/or excessive deformations of the 
overall structure. To overcome these, there are a number of methods to improve the 
structure; for example folding of the continuum, using a closed form shape like a box 
girder which derives its stiffness from its overall geometry, forming a stressed skin 
system, introducing skeletal members in the same plane as the continuum to resist axial 
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compressive forces and using specific skeletal frame configurations which maximise 
the load sharing between the two structural elements. 
1.1 Objectives 
" To investigate load sharing and interaction between the skeletal frame and the 
continuum where the latter is connected to the former at discrete joints in a 
continuum/skeletal structure. 
" To develop a continuum/skeletal system where the continuum is a load bearing part 
of the structure, i. e. a stressed skin system. 
" To examine different skeletal system configurations connected to a square plate at 
discrete joints under inplane loading to find an optimum configuration. The 
criterion is, greater buckling resistance, smaller lateral displacements and a gradual 
buckling failure rather than a sudden failure. 
" To develop a structural unit satisfying the criterion mentioned above, which can be 
utilised as a building block for a modular construction of load bearing enclosures 
where the continuum serves two functions; those of a stressed structural system and 
those of a cladding panel. 
" To improve buckling/postbuckling behaviour of the structural units utilising 
different techniques, e. g. using different combinations of materials, introduction of 
stiffeners (flanges), prestressing of the units. 
" To develop a modular structure from these units and examine its behaviour 
experimentally and numerically. 
" To carry out experimental tests on the models of the individual units and the overall 
structure to validate the numerical (finite element) models. 
" To utilise the numerical models for parameter studies to enable optimum structures 
to be developed. 
1.2 Structure of the thesis 
The thesis consists of six chapters; the first chapter is an introduction to the work. 
Chapter 2 is presented in two parts; the first part reviews the previous work and the 
literature related to the current work. This is not confined to polymer composites and 
other materials like steel and concrete are also reviewed in the context of continuum/ 
skeletal structures and space frames. The second part gives a brief background theory 
on the topics used in the subsequent chapters which deal with the work carried out by 
the author. The work is divided into three chapters, which although they are related 
they are independent and self-sufficient in the sense that each deals with a specific type 
of structure and all the related information (e. g. experimental, numerical and analytical 
results) are given within that chapter. These three chapters are as follows: 
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Chapter 3 describes the work related to the development of a continuum/skeletal 
structural unit satisfying the criterion explained earlier. It discusses finite element mesh 
convergence study, element verification, selection of the optimum skeletal frame 
configuration, experimental tests on five models, finite element model validation and 
parameter study. 
Chapter 4 examines the utilisation of the developed structural unit in a double layer 
stressed skin roof structure. Experimental work and results on a scaled roof model are 
given and a finite element model is validated. The finite element model is used as a full 
scale roof to examine the behaviour of the structure under different types of loading 
(i. e. uniformly distributed loads, concentrated loads and load distribution according to 
joint stiffness) and different load cases. Nonlinear analyses are carried out to 
investigate the response of the structure to imperfections, local buckling and material 
failure. A program is written which takes an eigenmode of a structure and imposes it as 
an imperfection for any subsequent nonlinear analysis. A parameter study is carried out 
to investigate the effects of change in the diameter of the skeletal members and the 
thicknesses of the continuum and the ribs. The introduction of vertical units supporting 
the roof is also considered. 
Chapter 5 is entirely devoted to the investigation of prestressed units and their 
behaviour. These units are similar to those examined in chapter 3 but the continuum is 
a double skin sandwiching the skeletal members. A method to pretension the skins 
(CMS composite plates) of these units is suggested and experimentally verified. A 
numerical model is generated and validated by the experimental results. An analytical 
method is given for the calculation of loss of prestress due to elastic deformation. A 
parameter study is carried out on three distinct types of units (unflanged, flanged and 
foamed) for both the prestressed and non-prestressed cases; the results are compared 
for these to find the advantages of prestressing in different units. 
Finally Chapter 6 gives the conclusions and suggestions for future work. 
1.3 References 
[1.1] Hollaway, L. (1993). "Polymer composites for civil and structural 
engineering", first edition, Chapman and Hall. 
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Chapter 2 
Review 
2.1 Literature review 
The following section will discuss the various topics related to the continuum/skeletal 
systems and/or the components which make up such a system. 
2.1.1 Buckling of fibre reinforced composite cylindrical shells 
Johnson (1985-a)[2.21) developed a simplified design method for analysing the 
buckling behaviour of circular and octagonal RP (reinforced plastic) cylinders under 
bending loads. It was shown in his article how isotropic buckling formulas for the 
ultimate bending moment in the cylinder are modified by an anisotropy factor which 
depends on the ratios of the orthotropic elastic constants of the RP material. It was 
found that cylinders with longitudinal reinforcement have a lower critical load 
compared with an isotropic cylinder having the same longitudinal material modulus 
and this must be allowed for in design by an additional material dependant design 
factor. The design formulas are for calculating the ultimate bending moment at which 
failure takes place by local buckling or by material fracture at the column wall. It was 
also found that columns with longitudinal fibre reinforcement have a lower buckling 
coefficient than those with hoop reinforcements, and this may be accounted for in 
design by using the buckling coefficient 4 as a design factor on the ultimate bending 
moment in the column. A design chart was given for 4 for GRP materials with 
principal modulus ratio E1/E2 in the range 1 to 5. This chart may be used to determine 
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a critical column radius/thickness ratio (R/t) at which buckling becomes significant. 
Use of the design chart shows that buckling failures are important in relatively thick 
wall GRP columns, say with R/t = 10, whereas in steel columns buckling is only 
important in thin wall columns with R/t > 200. 
The same author in another paper (Johnson, 1985-b)[2.22] analysed the failure of fibre 
reinforced plastic (RP) box beam under transverse loads. The beams had a hollow 
rectangular cross section with thin walls of orthotropic elastic material. It was assumed 
that failure takes place by either compression face buckling; (by tensile, compressive 
or shear material failure), or by shear buckling in the side wall. He provided a design 
method based on simplified formulae and design charts for determining critical 
bending moments, shear forces and transverse loads for orthotropic GRP box beams. 
Light weight, thin walled structures loaded by compression and/or shear may fail due 
to buckling. Laminates made from fibre reinforced plastics are promising candidates 
for use in such applications. By variation of fibre orientations and layer thicknesses a 
large range of stiffnesses and strengths can be achieved. This freedom requires 
application of systematic optimization methods in design of composite structures in 
order to fully exploit their potential. The work presented by Zimmermann (1993)[2.27] 
considered optimization of fibre composite structures endangered by buckling, and has 
proposed a procedure to include the influence of geometric imperfections, which can 
drastically reduce the buckling load, by designing imperfection tolerant structures.. A 
multi-objective optimization problem aiming to maximise the buckling load and to 
maximise the imperfection tolerance has been introduced into design as a concept to 
enable the inclusion of imperfection influence over buckling. The first results of the 
concept checked by examples of axially compressed CFRP cylindrical shells, have 
shown that it is possible to influence not only the buckling load, but also the 
imperfection susceptibility by variation of laminate constitution, and that there are 
designs which simultaneously are characterised by high buckling loads and low 
imperfection susceptibility. The first experimental results confirmed these observation 
in principle, however, they also demonstrated that the simple method used for 
computation of imperfection susceptibility, is not sufficient to reliably design 
imperfection tolerant structures and there is a need for a refined model. 
2.1.2 Shape optimization in plate buckling 
Early studies on the optimal thickness profiles of rectangular plates (Parsons 
1955[2.30]; Mansfield 1973[2.25]) reported that higher thickness near the edge 
compared to the centre, increased the buckling load resistance. However in a paper by 
Spillers and Levy (1990)[2.36], the optimal thickness distribution was characterised by 
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very high thickness at the centre compared with the edges, resembling the strain energy 
distribution in the classical symmetric buckling mode. This paradox regarding the 
nature of the optimal thickness distribution was the subject of an investigation by 
Pandey and Sherbourne (1992) [2.29]. Their paper dealt with evaluation of an optimum 
thickness distribution for a rectangular, isotropic plate of given volume and plan 
dimensions (length and width) that would maximise its uniaxial buckling load, loosely 
referred to as shape optimisation. They established that the qualitative nature of 
optimal thickness distribution is dependent on the assumptions made regarding the 
prebuckling loading state, that is whether the uniaxial stress or force per unit length 
remains constant. They concluded that in concave or convex simply supported plates, 
the optimal thickness distribution depends on whether the plate is subjected to constant 
stress or force, respectively. The paper also highlights the fact that the scope of shape 
optimisation is seriously limited by local buckling considerations. In this respect, 
optimal plate solutions postulated by Parsons (1955)[2.30] and Spillers and Levy 
(1990)[2.36] were inaccurate, because they were based on the erroneous and unrealistic 
assumption of global nature of the critical buckling mode. In both cases, a localised 
mode of complex nature becomes active at a load far less than that of the predicted 
optimum. Another consequence of shape optimisation was the significant changes in 
modal distribution due to thickness variation, as evidenced by very closely spaced first 
two buckling modes for optimal plates compared with those of a uniform plate. The 
study also pointed out the possibility of designing optimal materials, especially in the 
context of fibre reinforced composites, where fibre spacing (density) or fibre strength 
(hybrid fibres), rather than plate thickness, can be treated as the variable to be 
optimised. A preliminary study (Sherbourne and Pandey 1991 [2.34]) into this topic has 
shown about 20% increase in the -uniaxial buckling strength of laminated composite 
plates. 
2.1.3 Stiffened plates 
Much of the literature on uniaxially compressed, stiffened plates deals with the 
behaviour of plates with either simply supported or clamped boundary conditions 
along the plate stiffener junction; in fact, the plates are elastically restrained against 
rotations. The influence of the in-plane boundary conditions on buckling behaviour, 
which is a function of geometric properties of the attached stiffeners, has received little 
attention in published literature. Bedair and Sherbourne (1993)[2.3] highlighted the 
influence of the rotational and in-plane translation restraints on the buckling analysis of 
stiffened plates. While the stiffeners were assumed to possess finite rotation capacity, 
three in-plane boundary conditions were considered: 
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(i) The unloaded edges of the plate free to translate, i. e., the stiffeners offer no 
resistance against translational movement. 
(ii) The unloaded edges fully restrained against translational movement, i. e., the 
stiffeners are treated as infinitely rigid. 
(iii) The unloaded edges are partially restrained against lateral expansion, i. e., the 
stiffeners provide a finite degree of lateral restraints. 
Numerical results showed that a rapid increase in buckling load for relatively small 
amounts of rotational restraint. The increase in the buckling load diminishes gradually 
and becomes asymptotic to the rotationally clamped situation (I7-300). For all practical 
purposes, the clamped boundary was at IF = 50, where r was defined as the rotational 
restraint coefficient. The paper also showed that the buckling mode of the plate, which 
is a very important parameter for postbuckling analysis, becomes very sensitive to 
slight changes in IF as the aspect ratio of the plate increases. The paper indicated the 
importance of the in-plane restraint that the stiffeners offer to the attached plate 
whereby the buckling load may decrease by 30%. It also showed the great variation in 
buckling mode due to this inplane effect. 
Bucci and Mercurio (1994)[2.10] after an investigation between several types of 
stiffeners to be used in a typical panel for the fuselage of a medium sized transport 
aircraft, comparing manufacturing costs, weight-savings and structural risks 
characteristics, the'Bead' stiffener was chosen producing the better compromise; this is 
similar to top-hat stiffeners but is semi-circular in cross section. In this case a design 
not buckled at the ultimate load (ultimate load design as opposed to first buckling 
design) was preferred because the methods used to predict delaminations after panel 
buckling are currently not very reliable. Different composite bead stiffened co-cured 
panels, flat and curved, were tested in compression. Another purpose of this test plan 
was to check the theoretical program used to evaluate the buckling load of a composite 
flat bead stiffened panel (beadbuck code). The test results demonstrated the reliability 
of the theoretical buckling analysis for the bead stiffened panels, it also showed the 
curvature effect increases the buckling load of the flat panel by +10%. The damaged 
panels test showed no effect of the barely visible impact damage (BVID) on the 
ultimate buckling load and that the VIII) decreased the buckling load of the panel, but 
the latter is still able to withstand the limit load. 
Stiffened plates are used extensively in aircraft structures in the form of sheet material 
which is stabilised for compressive loading by longitudinal stiffeners. It is well known 
that the buckling load does not represent the maximum load the structure can carry. 
The failure may not occur until the applied load is several times the buckling load. This 
postbuckling strength capacity has significant potential for weight saving. Stevens et al 
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(1995)[2.37] studied the postbuckling behaviour of a flat, stiffened, carbon fibre 
composite (CFC) compression panel experimentally and theoretically. The test panels 
(four identical panels manufactured in T300/914C unidirectional prepeg) were of an 
area of 865 mm by 610 mm with four `I' stiffeners spaced at 178 mm centres. The 
panels had a2 mm thick quasi-isotropic skin and the stiffeners were either co-cured or 
bonded to the skin. The panels were tested under uniform edge displacement; the 
loaded ends were potted in a resin and glass fibre mixture then machined flat and 
parallel, the unloaded edges of the panels were unsupported during the test. Ultrasonic 
scanning facility was used to detect the initiation of damage in the postbuckled panels. 
The finite element models of the panels were modelled using nine-noded, quadrilateral, 
Mindlin shell elements which included transverse shear deformation. Only one element 
was employed through the thickness and the offset nature of the tapered flanges plus 
skin was modelled by setting the elastic constants of the relevant plies to zero. The 
nonlinear postbuckling analysis was preceded by an eigenvalue calculation so that an 
imperfection in the form of the first eigenvector could be used to assist the nonlinear 
analysis onto the appropriate postbuckling path. The results of the F. E. predictions for 
initial buckling showed that the first three eigenvalues were closely spaced and their 
eigenmodes exhibited 5,6 and 7 half-waves along the panel respectively. 
Experimentally each panel buckled into six half-waves initially, but in each case at 
loads in excess of twice the buckling load, there was a mode change to seven half- 
waves. The panels buckled at a load of 11 tonnes and collapsed explosively at about 48 
tonnes. At a load of 45 tonnes-there was a sudden drop in the bending moment in the 
web; this sudden drop was associated with an audible crack. Subsequent ultrasonic 
scanning of the region revealed a crack which started in the triangular region at the 
base of the web and propagated outwards into the flange/skin. All the panels behaved 
in a similar way, the only difference between the bonded and co-cured examples was 
that the bonded stiffeners seemed to be marginally more effectively adhered to the skin 
than the co-cured examples; thus the failure initiation occurred at a slightly higher load, 
also the cracks tended to remain in the flange rather than entering the first ply of the 
skin. 
The stiffened panel studied in the investigation exhibited a failure load exceeding the 
initial buckling load by a factor of four. The authors concluded that to take advantage 
of this reserved strength in design, the load at which the characteristic localised initial 
failure occurs had to be predicted theoretically and also the type of failure had to be 
identified. It was shown that the F. E. model evaluated the stress resultants correctly in 
the buckled panel, so the problem was reduced to determining the values of stress 
resultants to cause failure. The theoretical possibilities suggested by the authors were 
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to relate these stress resultants to critical values of the interface stresses or to an energy 
release analysis. 
2.1.4 Optimization of laminated composite plates 
Composites are known as'tailored material', which means they have a high potential of 
making their structural characteristics fit design requirements. Buckling is frequently 
an important consideration in the design of aerospace and other types of structures 
composed of thin, plate elements. These structural elements can be designed using 
composite materials so as to maximise the buckling load by properly specifying the 
materials to be used, the fibre orientations, the number of plies with certain 
orientations, and the ply stacking sequence. This type of tailoring of the design to 
achieve certain objectives, such as improved buckling response, is the bases to the 
design process with the composite materials. Olhoff and Taylor (1983)[2.28] 
considered optimal design techniques which are applicable to problems dealing with 
the optimised structural characteristics of plates. 
Narita and Ohta (1993)[2.27] presented two simplified methods which allowed the 
solution of the optimal stacking of layers in laminated composite plates. The fibre 
directions in layers (design variables) were determined by these methods so that the 
laminated plates possess the optimal eigenvalue (object function) under consideration. 
The object functions were natural frequencies in the free vibration problem, and critical 
buckling loads in the buckling problem. In the free vibration problem, the optimisation 
intended to maximise the fundamental frequencies or the difference of two adjacent 
frequencies, whereas the critical buckling load was maximised in the buckling 
problem. They demonstrated by numerical examples that the proposed design methods 
were simple, yet quite practical for determination of the optimal design for laminated 
composite plates. 
2.1.5 Stiffness tailoring of composite plates 
Another aspect of tailoring is stiffness tailoring which is the precise placement of the 
lamina with various orientations through the thickness and across the planform of the 
laminated plate with no increase in weight. The local membrane and bending 
stiffnesses of the tailored plate becomes nonuniform over the plate. When the loading 
is applied to the plate in the form of uniform imposed end displacement, stiffness 
tailoring brings about a redistribution of in-plane loads that can directly benefit 
buckling response. At the same time, the distribution and magnitudes of the bending 
and twisting stiffnesses can also be modified to further improve the buckling load. The 
properly tailored design will be a function of the type of loading, the plate geometry, 
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the boundary conditions, the relative material properties, and the basic configuration of 
the tailoring concept. 
Design concepts that lead to increased plate buckling loads (or strains) can directly 
lower the structural cost and/or weight by: 
" Allowing the supporting substructure to be more widely spaced, thus reducing 
substructure, fastener, and attachment part count 
" Allowing the use of simpler substructure which offer little rotational restraint to the 
surface structural elements 
" Reducing the total structural weight by permitting the structural design to achieve a 
higher strain level which will be governed by the material strength or damage 
tolerance rather than by lower values which would be governed by buckling. 
Biggers and Srinivasan (1991[2.6] & 1993[2.7]) investigated the compression buckling 
response of tailored rectangular composites. They tailored the rectangular plate by 
redistributing the 0-degree material from the centre region of the loaded ends toward 
the unloaded supported edges. Therefore, the plate was thicker in cross section at both 
the vertical unloaded edges. They considered different width ratios (ratio of the width 
of the thick sections to the overall width of the plate) and different stacking sequences, 
boundary conditions and aspect ratios. As a result of their investigations the following 
was concluded: 
" Tailoring was especially advantageous when, the plate was relatively thin, the 
unloaded edges were simply supported, and the average in-plane stiffness of the 
plate was relatively high. 
"A simple redistribution of the 0-degree material from a central region towards the 
supported edge regions could produce increases in buckling loads, or buckling 
strains, in the range of 200% compared to uniform plates. 
" Optimum width ratios were generally from 0.25 to 0.5, increasing in value with 
increased edge rotational restraint and the percentage of 0-deg. lamina in the plate. 
" Magnitudes of buckling loads of tailored S/S plates always decreased as ± 450 
layers were moved from outer to inner locations as is the case for uniform simply 
supported plates. 
" Tailoring provides greater maximum percentage increase in buckling load when the 
unloaded edges are simply supported rather than clamped. 
" The length to width aspect ratio has little impact on the effects of tailoring. 
Biggers and Pageau (1993)[2.8] examined the shear buckling response of tailored 
rectangular composite plates. Three diagonal tailoring patterns were considered, in 
each case only ± 45 degree fibres were redistributed to create the tailored plate. Two of 
the patterns (corner and mid-side patterns) actually decreased the shear buckling load. 
However, the combined pattern produced increases in buckling load for all width 
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ratios, with a maximum increase of about 50%. Three different orthogonal tailoring 
patterns were also considered, from which only one of them (midside pattern) 
improved buckling load by 11%. 
One of the major objections to the use of stiffness tailoring is that it creates surfaces 
that are not flat and in addition it creates local out of plane stress concentrations at 
locations where the fibres are joggled. Both of these drawbacks were eliminated by 
considering sandwich tailoring, that was by placement of a light weight core, such as 
syntactic foam, in the plate in regions that are thin in monolithic tailored plates. 
Specific shear buckling loads (buckling load per unit weight) of uniform plate, 
monolithic plate, tailored sandwich plate and conventional sandwich plate were 
compared. Although increases in the specific buckling load of the order of 180% was 
achieved by sandwich tailoring approach compared to an untailored plate, the 
conventional sandwich plate remained the most structurally efficient way to increase 
shear buckling loads. 
2.1.6 Continuum/skeletal structures 
2.1.6.1 Plate/frame interaction 
Ishakian and Hollaway (1981-a)[2.18] investigated the buckling of a continuum/ 
skeletal unit consisting of a flat plate connected to a flat skeletal system at common 
nodes. Three models were considered, all models had a GRP plate, but the skeletal 
systems were made from three different materials, viz. glass/polyester, carbon/epoxy 
and steel. All three models were tested experimentally and analysed numerically using 
FEA. Numerically the first buckling of the models were calculated only, but it was 
found that the actual experimental models supported more load after initial instability 
and the structures exhibited postbuckl i nab ehaviour up to final instability. This was due 
to the fact that the theoretical method assumed the skeletal members and the plate were 
concentric, but in the actual model these two were eccentric. This resulted in an 
imperfect system which affected the stress distribution in both components and gave 
rise to secondary moments which in turn affected the magnitude of the buckling load 
and gradual buckling process (limit load) rather than bifurcation. It was concluded that 
the first buckling load associated with structures which are manufactured from 
continuum/skeletal configurations would affect either a single skeletal member or 
would deform the continuum locally, and in either case a postbuckling analysis based 
on large displacement theory or based on successive approximations at different stages 
of the loading involving small displacement theory, must be used. They added that the 
prediction of the first buckling load was a useful guide in proportioning the stiffnesses 
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and configuration of the skeletal and continuum systems to produce the most 
economical and most stiff assembly possible. 
Rizwan (1981)[2.32] extended the investigations of Ishakian and Hollaway 
(1981)[2.18] further by considering a four units system. He found that the load carried 
by the combined system (continuum/skeletal) is always less than the sum of individual 
loads carried by the continuum and skeletal frame when they acted separately. He 
added that in the combined system most of the load is taken by the continuum. It was 
concluded that the increase in buckling load was more significant when the diameter of 
rods were increased beyond 12 mm and when the thickness of the plate was increased 
beyond 5 mm. He suggested that the vertical edges of the continuum should be 
reinforced by providing more fibre in those regions and skeletal members should be 
connected to the continuum all along their length. 
Brodka et al. (1984)[2.9] studied interaction of supporting structures and cladding 
made from corrugated plates. The paper indicated that plate/frame interaction exists 
irrespective of whether or not it is taken into account in the design of the structures and 
this co-action exerts influence upon displacements and leads to redistribution of 
internal forces and that the effects of this interaction are generally positive, although 
they often lead to overloading of fasteners. The authors presented a method of analysis 
if the supporting structure and the corrugated sheetings were considered to act as a 
space structure consisting of linear members and diaphragms. Three industrial 
buildings were analysed and a full-scale experimental test was undertaken. It was 
shown that there was good agreement between the theoretical and experimental results. 
Monforton et al. (1992)[2.26] investigated a floor truss system, in which floor joists 
consisting of top and bottom chords connected by galvanised steel V webs were used 
in conjunction with plywood sheathing attached to the top chord to form a floor truss 
system. A finite element analysis procedure for sandwich beams with faces of unequal 
thickness was adapted in order to predict the load-displacement curves of the full-scale 
floor systems. The experimental program involved the testing of double-block shear 
specimens to determine modulus of rigidity of the core, shear specimens to evaluate the 
performance of the adhesive, and four floor sections to evaluate the performance of the 
floor system when subjected to uniformly distributed loads. The results indicated that a 
modulus of rigidity can be determined from the double-block shear specimens, the 
adhesive performed well under a variety of environmental conditions, the sandwich 
beam theory can be used to predict load-displacement curve of the truss floor system, 
and the floors performed well when subjected to uniformly distributed loads. 
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2.1.6.2 Composite space frames 
Composite space structures are usually double layer space frames (grids) with a 
continuum (usually steel plate or concrete slab) covering the top layer. These are more 
rigid and have better stress distribution than the comparable skeletal ones. The top 
layer members of skeletal double layer grids are, generally, subjected to critical 
compressive stresses. However the introduction of the top sheeting or slab as an 
integral part of the structure results in a decrease in forces and deflections. 
Makowski (1965)[2.23] in his extensive survey of space structures also pointed out 
various advantages of stressed skin sheet space structures. He noted that the sheeting, 
covering the prefabricated skeletal units, and acting as a roof cover, can at the same 
time be used as an integral part of the structure relieving the stresses in the component 
pyramid units. 
Castillo (1966)[2.11] was perhaps the first to extend practically the concept of the 
space structures to composite space structures referred to as "Tridilosa system", 
Castillo undertook tests on a double layer grid of three metre span, with and without a 
concrete slab as its top layer. It was observed that the load carrying capacity in the 
former case was fifteen times greater than that of the latter case where failure occurred 
due to the buckling of the top layer skeletal members. 
Al Bazzaz (1976)[2.2] investigated the behaviour of composite double layer grid and 
concluded that a reinforced concrete slab can be used as replacement of the top layer 
steel skeletal members. He extended the work of Castello by conducting theoretical 
and experimental studies. Further he suggested that the composite double layer grids 
could be used for comparatively large spans due to their potentially large load carrying 
capacity. 
Ishakian (1980)[2.17] investigated the behaviour of continuum/skeletal double layer 
and folded plate systems. He tested three perspex models and compared the results 
with the finite element analysis results. The first model was comprised of a single 
folded plate V-section and a skeletal frame connected to the plate at discrete joints. 
There were large discrepancies in the axial forces in the skeletal members between the 
experimental and numerical results. This was because in numerical analysis the plate 
and the tubes were assumed to be concentric but in experimental model there was an 
eccentricity of about 10mm, which was about 6% of the length of the members. 
Subsequently these eccentricities were modelled and the results were greatly improved. 
He also tested two double layer systems, one with top and bottom layers made of plates 
and connected together by diagonal tube skeletal members, and the other in which only 
the bottom layer was a continuum and the top layer was made of horizontal skeletal 
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members. Considering the stiffness and strength of the overall system, the most 
economical structure was found to be a double layer system with one plate only on 
either the top or bottom of the structure. He also concluded that in a double layer 
system with only the bottom layer as a continuum, very little improvement in 
deflections was noticed if the in-plane stiffness of either top or bottom layers exceeded 
three times the other, and the most economical system was achieved when the stiffness 
of the top and bottom layers were the same and when the cross sectional area of the top 
layer members were not greater than three times those of the diagonals. The most 
economical span to depth ratio was found to be nine. 
Ishakian and Hollaway (1981-b)[2.19] manufactured the same V-section folded plate 
continuum/skeletal system from glass reinforced polyester and analysed it numerically 
and experimentally to the first buckling. The composite construction was made of two 
components, one of which was a. skeletal system made of pultruded glass/polyester 
rods of 65% fibre volume fraction by weight, and the other a hand lay-up continuum 
component of glass/polyester CSM of 30% fibre volume fraction by weight. The 
numerical method was undertaken by finite element analysis and included buckling of 
the continuum and its effect on the postbuckling behaviour of the structure. The 
buckling mode was expressed by determining the corresponding eigenvector. They 
concluded that providing the analytical modelling of the practical structure was 
carefully performed, good correlation could be achieved between the analytical and 
experimental models. In the stability analysis small displacements were assumed and it 
was found that the bifurcation behaviour was totally dependant upon the level of the 
axial stresses in the structure. 
Makowski (1981)[2.24] presented a critical review of the recent development of space 
structures in Mexico. In addition to discussion on a modified use of Castillo's Tridilosa 
system for multi-story buildings, he reported the application for composite triple layer 
grids for single or multi-bays of 50 metres for highway bridges. These bridges 
composed of interconnected three layers of skeletal members and top concrete slab 
decks, are found to be economical in comparison with conventional reinforced 
prestressed concrete bridges, both in terms of construction cost and time. 
Ishakian and Hollaway (1984)[2.20] in a theoretical approach using finite element 
analysis investigated stability of a full size skeletal/continuum folded roof structure 
manufactured from GRP material. This was a double layer grid where a three way 
skeletal system was situated at the top and bottom levels of the Vee shaped folded 
continuum interconnected with the diagonal members which lay in the plane of the 
continuum. The skeletal members were 100 mm diameter pultruded glass/polyester 
tubes of 4 mm wall thickness. Three thicknesses (3,6 and 10 mm) of glass/polyester 
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chopped strand mat plates were considered. The plan dimensions of the roof were 
20x25 metres and the depth of the roof was 1.52 metres. The analysis was done in two 
parts: (a) The analysis of the continuum and the skeletal components as two 
independent structural systems; (b) The analysis of the two systems combined as one 
continuum/skeletal structural system. In part (a) it was found that the 6 mm thick 
continuum system buckled with 796 possible buckling modes of the plate whereas the 
skeletal system under the same loading condition was in a state of equilibrium and 
stability. In part (b) three different thicknesses were considered, the only system with 
no buckling associated with it was the system with 10 mm thick plate. It was clear that 
as the bending stiffness of the continuum/skeletal structure was increased by increasing 
the plate thickness, the resulting increase in the strain capacity of the continuum caused 
a reduction of strain in the skeletal members hence reducing the axial forces in the 
skeletal component of the structure, this indicated that there was a redistribution of 
strains and hence stress between the two components of the composite structure. It was 
concluded that when a double layer skeletal system was combined structurally with a 
continuum system, the stiffness of the composite structure was improved considerably 
over the skeletal system alone and the reduction in maximum deflection was in the 
order of 50%. The continuum had two functions, first to act as a cover to the roof and 
secondly as a stressed skin system. It was also shown that for the design of a 
continuum/skeletal structure manufactured from a low modulus material, it was 
necessary to consider buckling analysis to enable an accurate prediction of the 
thickness of the continuum and the cross sectional properties of the skeletal members. 
Ashraf (1988)[2.3] conducted an extensive investigation into composite triple layer 
bridge-grids. The analysis, based on the stiffness method involved both the skeletal and 
thin plate rectangular shell elements having six degrees of nodal freedom. He 
developed a general purpose program and validated this by testing a reasonable size 
model. The nodal deflections and strains of the skeletal members and of plate 
components recorded were found to be in good agreement with predicted results for the 
two load cases used (viz. uniformly distributed and concentrated loading). 
El Sheikh (1991)[2.14] examined the effect of composite action on the behaviour of 
space structures. Generally he found that the composite action enhanced the strength, 
ductility, and reliability of the structure. The tensile capacity of the lower chords was 
activated well before any discernible deterioration of the composite top chords. Failure 
of the composite truss was therefore gradual with adequate warning against collapse. 
The slab successfully restrained the steel top chords against buckling, resulting in an 
overall ductile behaviour. 
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Ashraf et al. (1993)[2.4] investigated a double layer bridge grid composed of two 
interconnected layers of skeletal members covered at top by a steel plate acting as a 
continuum. The significance of the continuum was evident from the results obtained 
from testing of a model of a double layer bridge grid without and with the top covering 
as an integral part of the structure. The results showed that the continuum, not only 
increased the overall stiffness of the structure, but also decreased considerably the 
critical stresses in the top layer skeletal members. The good agreement between 
theoretical and experimental observations validated assumptions made in a new 
analytical girder analogy method, proposed by the author. 
Dong Shilin (1993)[2.14] reviewed developments of composite space truss systems in 
China. These were mainly steel space grids with concrete slabs on top of the structure 
and used as flooring systems or roof structures. He pointed out that the composite 
space truss has a high rigidity, good earthquake resistant behaviour and that its vertical 
rigidity can increase by 30-50%, when compared with an all steel space truss of the 
same span. He also added that the total weight for the composite structure was less than 
that of conventional space trusses with possible reductions in weight of the order of 
50%. Due to this reduced weight of the structure, the effect of horizontal earthquake 
force can be reduced by 20%. 
Thompson and Kubic (1993)[2.38] presented a paper on development and testing of 
the Cubic composite floors. The Cubic composite floor is a three dimensional structure 
which uses typical prefabricated steel modules. These modules are bolted together to 
form a steel structure which is capable of supporting all constructional loads. A 
permanent soffit shutter is then positioned on the bottom flange of the top chords. A 
lightweight reinforcing mesh is laid over the top chords to provide crack resistance. 
Finally the concrete is cast and embeds the top chords and provides a 30mm cover to 
the top flanges. No shear studs are necessary since all interaction between the steel and 
concrete occurs at embedded nodes. From the test results it was immediately clear that 
the test frame was significantly stiffer than would be expected from the steelwork 
alone. Of the various methods of analysis investigated, the method which assumed that 
concrete resists both flexure and axial forces, using an effective width equal to grid/4, 
predicted the measured frame deflection most closely. Appropriate design guides were 
recommended. 
Sebastian et al. (1993)[2.33] investigated the possibility of a composite space truss 
bridge which was expected to have applications in the motorway widening situation. 
This bridge comprised a steel rectangular double layer space truss connected to an 
overhead concrete slab by headed shear studs. Resistance to corrosion was provided by 
Glass Reinforced Plastic (GRP) plank enclosure around the sides and the base of the 
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truss. Enhanced structural action arising from adequate connection of the planks to the 
bottom chords of the truss was to-be considered. Details of the analysis, design and 
testing of a proposed bridge specimen were presented, and a finite element computer 
program which would be used to predict the structural response to failure was 
discussed. 
2.2 Numerical analysis review 
2.2.1 Introduction to buckling 
Buckling of bars, frames, plates and shells may occur as a structural response to 
membrane forces. Membrane forces act along member axes and tangent to plate and 
shell mid-surfaces. Buckling occurs when a member or a structure converts membrane 
strain energy into strain energy of bending with no change in externally applied load. A 
critical condition, at which the buckling impends, exists when it is possible that 
deformation state may change slightly in a way that makes the loss in membrane strain 
energy numerically equal to the gain in bending strain energy. Taking another view, 
membrane forces alter the bending stiffness of a structure, thus buckling occurs when 
compressive membrane forces are large enough to reduce the bending stiffness to zero 
for some physically possible deformation mode. If the membrane forces are reversed, 
that is made tensile rather than compressive, bending stiffness is effectively increased. 
This effect is called stress stiffening (or tension stiffening). 
The classical buckling theory presumes the existence of a bifurcation point at which 
two or more different but infinitesimally close equilibrium states can exist. 
Mathematically, in this approach, the problem is reduced to an eigenvalue problem and 
the critical conditions are denoted by the eigenvalues (see [2.35][2.12]). For example 
in a pin end column, under axial compressive force at bifurcation load (buckling load), 
two equilibrium configurations are possible (see Figure 2.1); the column could remain 
straight (primary path) or it could buckle (secondary path). A bifurcation exists only 
when the column is perfectly straight, uniform, free of end moments and lateral loads 
and the external load is perfectly axial. In reality there are always imperfections and 
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therefore the structures display `limit point' which is defined as a relative maximum on 
the curve of load-deflection for which there is no adjacent equilibrium position. 
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/ (perfect structure) 
Pcr 77=="-7 
Stahle 
limit point 
primary 
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with imperfection 
Figure 2.1 
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The prebuckling path in Figure 2.2 happens to be linear, at bifurcation, the real 
(imperfect) structure follows the secondary (postbuckling) path. A rising path denotes 
that the structure has postbuckling strength, in this case Pcr characterises a local 
buckling action that has little to do with overall strength of the structure. 
f 
Primarypath 
I 
Limit point 
Secondary path 
(posibuckling) 
pcr f---Bifurcation 
Figure 2.2 
The structure in Figure 2.3 (shallow spherical cap) has a nonlinear primary path and 
the postbuckling path falls, so there is no postbuckling strength. If the primary path is 
close to a falling secondary path, the structure is called imperfection sensitive which 
means that the collapse load of the actual structure is strongly affected by small 
changes in direction of load, manner of support or change in geometry. The actual 
structure, which has imperfections, displays a limit point rather than a bifurcation. The 
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perfect structure in this figure also exhibits a snap-through buckling which is 
characterised by a sudden jump from one equilibrium position to another nonadjacent 
equilibrium state. 
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Another type of buckling is when the loss of stiffness, after buckling, is so great that 
the buckled equilibrium configuration can only be achieved by returning to an earlier 
level of loading. A classical example of this type of buckling (finite disturbance 
buckling [2.35]) is that of a thin cylindrical shell under axial compression or that of a 
deep spherical dome (Figure 2.4). These structures are imperfection sensitive and 
usually the laboratory specimens buckle at approximately one half of the theoretical 
bifurcation load [2.12]. 
Pcr 
d 
A computed buckling load is then only an approximation of how much load a structure 
can carry. The approximation may be incorrect and on the unsafe side. Therefore most 
buckling problems should be approached as nonlinear problems in which prebuckling 
deformations are taken into account. Nonlinearities may be accounted for by nonlinear 
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Figure 2.4 
analysis that effectively plots load versus displacement and indicates collapse when the 
total stiffness matrix of the structure in its current configuration becomes singular. 
2.2.2 Finite element analysis 
The widespread use of finite element analysis is clearly demonstrated by the diverse 
range of problems to which many authors refer in their standard text books on the 
subject (references [2.39] to [2.40]). A brief description of the method is as follows 
([2.39]). 
The structure to be analysed is divided into a number of finite elements, which are 
interconnected at discrete number of nodal points situated on their boundaries. The 
displacements of these nodal points are the basic unknown parameter of the finite 
element problem. Suitably chosen displacement functions define uniquely the state of 
displacements within each finite element in terms of its nodal displacements. The 
displacement functions, in turn, uniquely define the state of strain within an element in 
terms of the nodal displacements. The state of the stress throughout the element and on 
its boundaries is defined by the strains, together with any initial strains and the 
constitutive properties of the material. By invoking the principle of virtual 
displacement or the principle of minimum potential energy, a static loading problem is 
reduced to the solution of a set of simultaneous equations in the form of; {f} = [K]{d}, 
where {f} is the vector of statically equivalent applied nodal loads acting on the nodes, 
and {d} is the vector of all nodal displacements. The total stiffness matrix of the 
structure is [K] =5, [B]T[D][B] dv. The constitutive matrix [D] relates the stresses to 
the strains as {ß} _ [D]{c}, matrix [B] which contains the derivatives of displacements 
interpolation functions, relates the strains to the nodal displacements as {E}=[B]{d}. 
2.2.3 Bifurcation buckling estimate (eigenvalue analysis) 
The effects of membrane forces are accounted for by the matrix [kß] that augments the 
conventional linear stiffness matrix [k]. Matrix [ka] is known as the initial stress 
stiffness matrix (or geometric stiffness matrix) and is defined by an element's 
geometry, displacement field and the state of stress, thus this matrix is independent of 
elastic properties, however, by introducing the stress-strain relation, [ka] can 
alternatively be written in terms of elastic properties and strains or deformations. The 
structure matrix [Ka] is built by summing overlapping terms of element matrices [ka], 
in the same manner as the conventional [K]. 
Therefore the equation in the incremental form becomes; ([K] + [Ka])(Sd} = {Sf}. 
This equation is said to be linearised, that is, made to depend on the first powers of 
displacements, by discarding the quadratic terms [2.12]. This equation can be used to 
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compute a buckling load; upon buckling, infinitesimal displacement (6d) occur, 
measured with reference to a prebuckling configuration {d}, and the use of [K. ] which 
implies that prebuckling rotations are zero. 
A bifurcation load is the load for which a reference configuration of structure and an 
infinitesimally close (buckled) configuration are both possible equilibrium 
configurations. As a buckling displacement (öd) takes place from a reference 
configuration {d}, the load does not change. Accordingly ([K] + [Ka]){Sd} = {0}. The 
unknown is the level of stress (symbolised by [Ka]) such that a solution {Sd} other 
than {6d} =0 is possible. 
Initially, applying a reference level of loading {f}ref to the structure and carrying out a 
standard linear static analysis to obtain membrane stresses in elements (e. g. determine 
membrane stresses in a flat plate under thermal loading). An initial stress stiffness 
matrix [Ka]ref appropriate to {f}ref is then generated. For another load level, with 2., as 
a scalar multiplier, [Ka] = X[K6]ref when {f} = , %{f}ref which implies that multiplying 
all loads in {f}ref by X also multiplies the intensity of the stress field by ? but does not 
change the distribution of stresses. Consequently as the external loads do not change 
during an infinitesimal buckling displacement {öd}, 
([K} + kcr[]ref){d} _ Xcr{f}ref (2.1) 
([K) + xcr1Ka}ref){d+Sd} = kcr(f)ref" (2.2) 
Subtraction of the equation (2.1) from (2.2) yields, 
([K} + Xcr[ ]ref){Sd} = (0). (2.3) 
Which defines an eigenvalue problem whose lowest eigenvalue ?. is associated with 
buckling. The buckling load is then {f}cr = Xcr(f)ref" The eigenvector {Sd} associated 
with Xcr defines the buckling mode. The magnitude of (3d) is indeterminate, therefore 
it identifies shape but not amplitude. 
2.2.4 Nonlinear analysis 
A problem is considered nonlinear if the stiffness matrix or the load vector depends on 
the displacements. Nonlinearity in structures can be classed as material nonlinearity 
(associated with change in material properties as in plasticity), as geometric 
nonlinearity (associated with changes in configuration as in large deflections of a 
slender elastic beam) or boundary nonlinearity (as in contact problems). 
A common procedure for the solution of nonlinear structural problems is a step by step 
load incrementation combined with an iterative procedure. There are a variety of 
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methods available which are given in detail in references [2.16] to [2.40]. The 
generalities as given by Hinton (1992)[2.16] will briefly be discussed in the following 
paragraph. 
A series of load levels (f 1, f 2,... ) are chosen, at each load level `n', the displacements 
di' are estimated (where subscript `i' refers to the iteration number) in an attempt to 
achieve equilibrium between the applied loads fn and the internal resisting forces pln 
which depend directly on the estimated displacements. As these are estimates only, the 
resisting forces p; n are also approximations and the equilibrium is not achieved and 
therefore there will be out of balance or residual forces rn at nodes, that is rn = pln _fn 
To establish equilibrium at a given load level, an iteration procedure designed to reduce 
the residual forces to negligible values is used. When the convergence to equilibrium is 
reached, the procedure is moved to the next load level and the iterative process is again 
repeated. In the incremental/iterative schemes the tangential stiffness matrix [KT] is 
utilised, where 
IKT] ° [K] + [Ka] + LKLJ (2.4) 
[K] is the linear stiffness matrix, [Ku] is the initial stress stiffness matrix and [KL] is 
the initial displacement stiffness matrix which reflects the changing displacement on 
the stiffness (if the displacements are large, there will be a nonlinear strain dependent 
upon them). Hinton (1992)[2.16] has suggested the following procedure (Figure 2.5 
illustrates these procedure). 
1) Having approximately established equilibrium between the applied loads {f}n"1 
and the resisting forces (p)'-1 for the last load level `n-1', an estimate (or 
prediction of) of the displacements {d}on for the current load level `n' is made 
(the subscript `o' implies that this is the initial or predictor value). The iteration 
counter is then set to, i=0. 
2) The displacements {d}; n are used to evaluate the internal resisting forces (p), ', 
any nonlinearities are taken into account. 
3) The residual or out of balance forces {r}; n (where {r}; ' = {p};, - {f}n) are 
evaluated. 
4) The convergence is checked, e. g. a check is made that some measure of rln, say 
I1{r}in II is less than ß1j(f)n11, where ß is an input convergence tolerance. If the 
solution has converged, the iteration (or correction) process is terminated and 
n=n+1 is set prior to moving to the next load level., otherwise continue. 
5) If necessary, the tangential stiffness matrix is re-evaluated and factorised, 
IKTJ=LKT){d}; n. Otherwise a previously calculated value is used. 
6) The incremental (or corrective) displacements are evaluated, (8d); n = [KT]-1 [r]ln 
7) The estimated displacements are updated, {d}n1+l = {d}1n + {Sd}; n 
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8) i= i+l is set and thence go to (2). 
f 
{f}n 
{f}n-1 
d 
Figure 2.5 Incremental-iterative solution process 
Newton-Raphson (N-R) iteration method based on Taylor's series is usually combined 
with an incremental solution. The procedure requires updating of the tangent stiffness 
matrix at every iteration. This is usually too expensive to use and various modifications 
of the standard N-R algorithm have been suggested [2.16][2.40][2.40]. However, this 
approach fails to deal with structural configurations which exhibit snap-through and 
snap-back behaviour characterised by limit points in the equilibrium path. This is 
overcome by constrained solution methods in which the load level is modified at each 
iteration rather than holding the applied load level constant during a load increment. 
Essentially, all constrained methods involve the addition of an auxiliary equation 
which constrains the iterative displacements to follow a specific path towards a 
converged solution. Generally in a problem with `N' displacement variables, a further 
constraint equation involving the load level A. is introduced in addition to the usual `N' 
equilibrium equations. For the ith iteration within a load step `n', this constraint can be 
written as; 
(Od, n)T(Oli ln) + (O%In)2 = (Ln)2 (2.5) 
where Ad; ' is the total incremental displacement vector at iteration `i'; AX,; -n is the total 
incremental load factor at iteration `i' and Ln is the arc length. 
There are many variations of this method (also known as the arc length methods). It 
was first introduced by Riks (1979)[2.3 1] known as Normal plane method, the iterative 
process in this method is constrained to follow a plane perpendicular to the tangent at 
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the beginning of each solution step. Details of this method and other arc length 
methods are given by Hinton (1992)[2.16]. In these methods it is assumed that the 
loading is proportional, that is, all load magnitudes vary with a single scale parameter. 
All the finite element analyses in this thesis were performed using the finite element 
package ABAQUS (1989)[2.1]. Both Newton-Raphson and a modified Riks method 
were used in the analyses. 
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Chapter 3 
Stability of Advanced Composite Continuum/Skeletal 
Structural Units Under Inplane Loading 
3.1 Introduction 
The aims of the current investigation are to develop and to characterise a light weight 
unit capable of resisting relatively high inplane loads causing buckling and out of plane 
bending loads; the system must not exhibit a sudden failure in either of these loading 
modes. The unit system will be the building block from which a load bearing and 
weather proof enclosure will be formed. In addition, the enclosure will have the 
capability of being readily assembled on site to form the complete structure from the 
building block. It has been shown in references [3.2] to [3.4] that a continuum/skeletal 
system designed correctly has good specific stiffness and strength characteristics and in 
addition has the property of enclosing space. 
This chapter will concentrate upon the development of an economic fibre/matrix 
continuum/skeletal system and will illustrate its postbuckling behaviour with the 
characteristic of a gradual buckling failure. The continuum is an active component of 
the system and when it is connected to the skeletal structure at the latter's node points it 
becomes a stressed skin system; of particular interest in this study is the inplane load 
values. Glass fibre/polyester composites tend to be relatively low modulus material 
even when the fibres are unidirectionally aligned and the composite has been 
manufactured by a mechanical production method. Consequently, different continuum 
skeletal configurations have been examined under inplane loading with the applied 
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loads being concentrated at the nodal joints of the skeletal component of the structure 
to determine the most relevant configuration under compressive inplane load and then 
to characterise its stability. 
3.2 Structural configurations 
Figures 3.1(a) and 3.1(b) show a diagram of a continuum and a skeletal structural 
system respectively loaded inplane. The critical factor in designing a fibre matrix 
composite plate is the buckling of the continuum. Increasing its thickness so as to 
increase its stiffness will give rise to an uneconomic use of material. Likewise the 
critical factor for the skeletal system is buckling. However, an economic effective 
method of providing greater stiffness and strength to such systems is to connect them at 
specific points, usually the nodal points, of the skeletal structure so that they share the 
external loads. Figure 3.1(c) illustrates a combination of the continuum and skeletal 
units, which is the result of removing the horizontal and vertical members of the 
skeletal system and replacing them with a plate. 
t! 
f 
z 
ffffffffff ýýý 
b) Skeletal France a) Plate c) Continutun Skeletal System 
Figure 3.1 hihlane loading of a typical cofntinnnnz 's'keletal system 
3.3 Numerical studies 
Experimental and numerical studies have been undertaken to investigate various 
configurations of skeletal structures in combination with a composite plate to 
determine an efficient combination for the stability of the structural unit. To enable this 
preliminary study to be undertaken, the ABAQUS [3.1] finite element program was 
used. 
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3.3.1 Finite element analysis (configuration and loading investigation) 
Mesh refinement and element verification studies were carried out for the plate, 
skeletal frame and the combined systems (see Appendix A). For the plates, an 8x8 
uniform mesh was used which utilised eight noded quadrilateral shell elements with 5 
degrees of freedom (DOF) at each node; the skeletal members were divided into 4 
elements, each was a three noded beam with six DOF at each node. 
Boundary conditions for all the systems were simply supported at four corners, inplane 
stretching of the system was allowed and the load was applied vertically (y-direction) 
to the skeletal frames at nodal joints, system-5 was the exception and the load and the 
boundary conditions were applied only at the top and the bottom nodal joints. 
Six different structural configurations were considered and these are shown in Figure 
3.2. 
YT 
zx 
Figure 3.2 S 'sleets with c4ffcre, i1 configurations of. skeletal members 
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System 2 System 3 System I 
System 6 s teil4 System 5 
To reduce the number of variables, identical square plates were used for all systems 
and the volume of the material in the skeletal frame was kept constant; only the 
diameter of the rods were varied. Material properties of different components of the 
systems and dimensions of the plate are shown in Table 3.1, the changes in the 
diameter of the skeletal members are shown in Table 3.2. 
Table 3.1 Material properties for components of all systems 
Modulus Poisson's Dimensions Buckling 
E (GPa) ratio, v (mm) Load (N) 
Plate 
7.8 0.3 300x300x2.4 232.0 
(all systems) 
All rods 15.3 0.3 ---- --- 
Table 3.2 Diameter of rods for various systems 
System No. 1- 23456 
Rod diameter (mm) 6.7 8.0 8.0 10.4 10.4 12.4 
The buckling characteristics for all the systems were compared by utilising the finite 
element load-displacement analyses with non-linear geometry. Initially a buckling 
prediction investigation (eigenvalue analysis) was undertaken and this was compared 
with nonlinear analysis results, but as the eigenvalue analysis is only useful for the 
prediction of the buckling load of the structures which exhibit only small elastic 
deformations prior to buckling ('stiff' structures), the predicted values in some cases 
were greatly underestimated (e. g. system-4) and in others were overestimated (e. g. 
system-6) as shown in Table 3.3. 
Table 3.3 Values of buckling load of the various systems 
System No. 123456 
Buckling Load (N) 
1221 990 1827 700 903 6348 
(eigenvalue) 
Buckling Load (N) 
930 840 1200 4080 1430 3780 
(Nonlinear) 
A comparison of the buckling characteristics for the different systems is shown in 
Figures 3.3(a) to 3.3(d) in terms of load versus, (a) lateral displacement at the centre, 
(b) edge shortening, (c) lateral displacement at mid-edge and (d) axial force in critical 
members; the deformed shapes for the six systems are shown in Figure 3.4. 
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Figure 3.3 Plots of (a) load-central lateral displacement, (b) load-edge 
shortening, (c) load-edge lateral displacement and (d) load-axial 
force for all six systems 
System-4 of Figure 3.2 is able to support the greatest inplane load before buckling 
occurs but this is accompanied by large lateral displacements. The failure of the system 
is gradual and it has a limit point. The overall deformed shape is anticlastic, whereas 
the other systems have half-sine wave mode shapes, and the plate, in system-4, plays a 
considerable part in carrying the applied load. When system-4 is loaded at the corner 
nodes, (the inclination of the skeletal members are +/- 45°), a tension field is created at 
the top and the bottom of the plate in the horizontal direction to resist the horizontal 
component of the force in the skeletal frame. However, the vertical sides of the plate 
are in compression and this causes the plate to buckle at an early stage of the loading 
history, but the system continues taking load into its postbuckling region. 
System-6 is able to support the next highest load before buckling occurs and the 
smallest lateral displacement, however, failure is sudden and there is no postbuckling 
strength and almost all of the external load is taken by the skeletal members acting as 
Euler columns. 
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To compare the efficiency of the two systems (4 & 6), the load is normalised with 
respect to the sum of the buckling loads of the individual components of the systems 
(i. e. the plate and the skeletal frame), this implies that an efficient system should have a 
higher buckling load than the sum of its individual components. The displacements 
were normalised with the distance 'h', which is the distance between the centroids of 
the plate and the frame. Figure 3.5 shows that system-6, has a normalised load of 
below unity, this is because the plate is not contributing to the load carrying capacity of 
the system and almost all of the load is carried by the vertical rods. But system-4 shows 
a peak load of 4.5 times the sum of buckling load of its components, however this is 
accompanied by large lateral displacements; this will be addressed later in this chapter 
by introduction of flanges to the plate. system-4 was the structure chosen for a more 
detailed investigation. 
Chapter 3 41 
4.5 
4 
3.5 
2.5 __. __. _.... __. 
92 . Y...... 
»:..... 
__. _. _...... __. -. _...:.. -... _.... -... __. -. _........ __........ ... _.... _. 0.6 
79 --d- sya. e4 
0.5 
0 
-0.5 0 0.5 1 1.5 2 2.5 3 3.5 4. S S 
Normalised Central Lateral Displacement (Uz/h ) 
Figure 3.5 Load-central lateral displacement plot for systems 4 and 6 
3.3.2 Effect of change in boundary conditions for system-4 (using F. E. analysis) 
Three different boundary conditions (B. C. ) were considered: 
(1) Simply Supported (S/S) at the four corner nodes of the frame. 
(I i) S/S and the displacement in the x-direction'Ux' was equal to zero (i. e. inplane 
extension was constrained at corner nodes of the frame). 
(iii) S/S and the rotation about y-axis'Ry' was constrained at comer nodes of the 
frame (Ry=O). 
Figure 3.6 shows normalised load-displacement graphs for the three B. C. s. Again the 
load is normalised with respect to the sum of buckling loads of the plate and the frame. 
The displacements are normalised with 'b' (the dimensions of the plate) for graph of 
load-shortening. The B. C. (i) exhibits an anticlastic buckling mode shape (Figure 
3.7(a)) as opposed to a half-sine wave mode shape of B. C. s (ii) and (iii) in Figure 
3.7(b). This change of mode shape results in considerable reduction of buckling load 
and also of displacements. However, both boundary conditions (ii) and (iii) still have 
buckling loads 1.75 times higher than the sum of their individual components. 
Boundary condition (iii) can be considered when the unit is part of a larger structure (a 
panel made up of these units), then the joints by symmetry of loading are constrained 
from rotation about y-axis. 
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3.3.3 Biaxial loading (using F. E. analysis) 
One of the advantages of system-4 is its ability to resist biaxial loading because of its 
geometric symmetry in X and -Y directions. An investigation has been carried out on 
this system under biaxial loading with corner nodes of the frame simply supported. The 
two possible buckling modes depending on the imperfection of the system are shown 
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in Figure 3.8. Load-displacement curves for various imperfections of the system are 
shown in Figure 3.9. As in the previous case the load is normalised with respect to the 
sum of buckling loads of the plate and the frame; the lateral displacement is normalised 
with respect to'h'. The graph shows a 100% increase in buckling load for a system with 
no imperfections. To enable the nonlinear analyses to take the required buckling mode, 
it is necessary to give an initial imperfection to the model, this was effected by 
applying a small lateral 'trigger' load at the central nodal joint of the system prior to the 
main analysis. The resulting initial displacement 'U0' at this node is expressed as a 
percentage of the geometric parameter'h'. The desired mode shape was chosen from an 
eigenvalue analysis carried out prior to the nonlinear analysis and then the trigger load 
was applied at the node with the largest displacement component in Z direction 
(normalised magnitude of unity). . 
Biaxial loading 'A' 
Y 
X 
Z 
B' 
Figure 3.8 Different mode shapes for system-4 under biaxial loading 
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Figure 3.9 Load-displacement plot for system-4 under biaxial loading 
3.4 Experimental analysis of the proposed structural form 
The experimental investigation consisted of material testing to obtain the mechanical 
properties of the materials of the manufactured models, and testing of two glass 
reinforced polymer (GRP) and three perspex models. 
3.4.1 Material testing 
Three coupon specimens of the plate with a nominal cross section of 1.4 x 25 mm and 
250 mm length were manufactured. Eight millimetre long electrical resistance strain 
gauges were mounted on the mid-length of the specimens in the longitudinal and 
transverse directions on both sides. The specimens were provided with 50 mm end tabs 
made from the same material as the specimens and were bonded to the specimens using 
ARALDITE. 
Three specimens of rod with a nominal diameter of 7.8 mm and length of 170 mm were 
manufactured for two different types of rod (a total of 6 specimens). Three longitudinal 
and three transverse strain gauges of 5 mm length were attached to the mid-length of 
the rods subtending 120° at the centre. 
The specimens were tested under tensile load using an Instron machine and the data 
was recorded using a data logger connected to a computer. The specimens were held 
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using conventional wedge jaws. The coupons were tested to obtain the tensile failure 
stress as well as modulus of elasticity and Poisson's ratio of the plate, but the rods were 
not tested to failure. 
The fibre fraction of the materials were calculated by weighting the material and then 
burning it at 600° C to remove the resin. The test results for the specimens were 
averaged and these are shown in Table 3.4. 
3.4.2 GRP test models of system-4 
Two models of system-4 were investigated, both were similar in geometry (Figure 
3.10), but one had skeletal members with an elastic modulus of approximately three 
times that of the other model. The composite plate for the two models was identical and 
was fabricated from a bi-directional 0/90° woven rovings mat (WR) of thickness 1.4 
mm. The pultruded skeletal members were made from 7.8 mm diameter unidirectional 
fibre composite rods. Table 3.4 shows the material properties for both models 
determined by testing and Figure 3.11 shows a photograph of model-2. 
Table 3.4 Material properties for models 1&2 
Failure Fibre Modulus Poisson's Dimensions 
(MPa) fraction E (GPa) ratio, v (mm) 
Plate (both models) 186.5 0.52 16.8 0.2 300x300xl. 4 
Rods (model-1) 0.31 15.1 0.38 7.8 (dia. ) 
Rods (model-2) 0.78 45.3 0.28 7.8 (dia) 
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Figure 3.10 Geometry and layout of strain gauges for model-1 and 2 
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Figure 3.11 Photograph of model-2 
The skeletal frame was attached to the plate at five node points using steel joints. These 
were constructed from steel square plates in plan (about 25 mm2); for each of the four 
outside nodes one corner of the steel plate was chamfered and drilled to receive the 
pultruded rods, and for the centre joint a hole was drilled at each side of the steel square 
plate to receive the rods; the rods were bonded into the holes in these steel plates and 
these in turn were pinned and bonded to the composite plate. The nodal joints tended to 
be very stiff which in turn stiffened the whole system. 
The two models were tested in an Instron machine to determine their buckling load; 
strain measurements using electrical resistance strain gauges were taken at selected 
points on the plate and on the skeletal members. Figure 3.10 shows the geometry of the 
models and position of the strain gauges. Six points on the plate were selected for the 
attachment of the electrical resistance strain gauges to both sides of the plate; these 
were chosen to coincide with the nodal points in the finite element mesh. In addition 
three strain gauges were attached to the mid-length of two of the skeletal members; the 
gauges were subtended 1200 at the centre of each member. Two linear variable 
displacement transducers (LVDT) to measure the lateral displacement of the system 
were placed at the central node and at the middle of one vertical edge of the plate. 
The vertical load from the Instron machine was applied at a rate of 1 mm per minute 
via a hardened steel reaction beam (in which a Vee groove was milled), a ball bearing 
and spherical seating (which was drilled into the nodal joints). This set-up prevented 
the four corner joints from moving laterally; they could however move in the inplane 
direction with the exception of one of the bottom support nodes which was position 
fixed. Utmost care was taken in drilling the spherical Beatings of the nodal joints so that 
they were positioned on the centre line of the rods, this ensured that the load was 
applied to the skeletal frame and not to the plate. However, to apply a truly axial load is 
difficult and this was found to be one of the sources of error of the experimental tests. 
3.4.2.1 F. E. Modelling of the proposed structural form 
Eight noded quadrilateral quadratic shell elements and three noded quadratic beam 
elements were used for modelling the plate and the skeletal frame respectively utilising 
the material properties determined from the experimental tests. The finite element 
package ABAQUS [3.1] was utilised for all numerical analyses. To be able to model 
the steel joints exactly, a nonuniform mesh was used to model the plate. The FE model 
is shown in Figure 3.12. 
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Figure 3.12 The finite element mesh utilised for modelling the experimental models 
3.4.2.2 Comparison of experimental and numerical results 
As mentioned above, the application of axial load to the centre line of skeletal 
members at joints was difficult and some eccentricity in load application was expected. 
For each F. E. model several analyses were carried out with various eccentricities. It 
was found that the results from the F. E. models with a load eccentricity, e=4.5 mm, 
showed good agreement with the 'experimental results in terms of ultimate buckling 
loads against lateral displacements and axial force in the skeletal members; Figures 
3.13(a) and 3.13(b) respectively show typical relationship for model-1 and Figures 
3.14(a) and 3.14(b) show equivalent relationships for model-2. However there were 
differences between the two techniques in terms of stresses in the plate; Figures 3.13(c) 
and 3.13(d) show typical relationships for model-1 and Figures 3.14(c) and 3.14(d) 
show equivalent relationships for model-2. This was undoubtedly due to imperfections 
in the plate in terms of thickness and initial curvature and as these imperfections were 
not well defined, it was not possible to model them. 
It was evident from experimental tests that, although the system under load produced 
an anticlastic curvature, the ultimate buckling failure mode was a half-sine wave. A 
subsequent parameter study, detailed in the next section, showed that two different 
buckling modes can occur depending on the axial stiffness ratio, in the current test both 
models had axial stiffness ratios corresponding to a half-sine wave buckling mode. 
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Figure 3.13 Plots for model-1: (a) load-displacement; (b) load-axial force for 
rods; (c) load-stress at horizontal gauge position 'C, (d) load-stress 
at vertical gauge position `C' 
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Figure 3.14 Plots for model-2: (a) load-displacement; (b) load-axial force for 
rods; (c) load-stress at horizontal gauge position 'C'; (d) load-stress 
at vertical gauge position 'C' 
Stress distributions along the centre lines of the plate at gauge positions for ultimate 
load is plotted for models 1 and 2 in Figures 3.15 and 3.16 respectively. These indicate 
that stresses are high near the centre joint because of stress concentrations around the 
nodal joint and also at horizontal edges, there are high tensile stresses present due to 
the scissor action of the skeletal members. Comparing the stress distributions in two 
models, it is concluded that, generally there is a reduction of stresses in the plate in 
model-2 except for the tensile stresses at the horizontal edges. This is due to the fact 
that in model-2 the skeletal members have a higher modulus of elasticity, therefore 
these members (which are in compression) take more share of the load hence reducing 
the stresses in the plate. However, increase in compressive forces in the skeletal 
members increases the tensile reaction forces at the top and bottom edges of the plate 
which are resisting the horizontal component of the compressive force of the skeletal 
members; this causes the higher tensile stresses at the horizontal edges of model-2. 
It is beneficial to increase the modulus of elasticity of the skeletal members rather than 
the plates since firstly, it generally. reduces the stresses in the plate and only increases 
the tensile stresses at the horizontal edges; this is ideal for thin plates which are good in 
tension and weak in compression, secondly, it is more economical to increase the 
modulus of elasticity of the skeletal members than that of the plate because there is less 
volume of material involved. 
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Figure 3.1 S Stress distributions along the centre lines of the plate at ultimate load for 
model-1 
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Figure 3.16 Stress distributions along the centre lines of the plate at ultimate load for model-2 
Chapter 3 54 
3.5 Experimental and numerical study of perspex test models of flanged units 
Three perspex models were tested to investigate the effect of introduction of flanges on 
system-4. One of these models had flanges along both vertical and horizontal edges 
(model-5), another had flanges only along the vertical edges (model-4) and there was 
one without any flanges (model-3). The 200 mm square units had a plate and/or flange 
thickness of 1.5 mm, flange width of 10mm and the skeletal members were 
manufactured from perspex tubes of 6 mm diameter with 1 mm wall thickness. The 
general layout of the three models and the strain gauges are shown in Figure 3.17. 
Model-3 Model-4 Model-5 
Figure 3.17 General layout of the three perspex experimental models 
The test procedure was the same as explained earlier in section 3.4.2. for the GRP 
models. However, the finite element mesh for the numerical analyses of these models 
were different and the actual nodal joints in the structures were not modelled; their 
behaviour was approximated using Multi-Point Constraints (MPC) by rigid body 
movement of the nodes within the joint. Therefore a uniform eight by eight mesh of 
nine noded quadratic shell elements with 5 DOF at each node was used in conjunction 
with 3 noded quadratic beam elements. It was decided to use a uniform mesh for these 
models because their nodal joints were quite small compared to those of the GRP 
experimental models. 
Values of 3.3 GPa and 0.35 were used for the modulus of elasticity and Poisson's ratio 
of perspex respectively. The experimental buckling failure loads for these models were 
147 N, 589 N and 569 N for models 3,4 and 5 respectively. Model-5, which had both 
vertical and horizontal flanges, failed when one of the vertical flanges was detached 
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e Strain gauge F1aQe 
Tub% 
11 
from the plate along the glued joint. This was thought to be due to the fact that the 
flange was not glued to the plate properly and hence the failure was not classed as 
material failure. Nevertheless this caused the model to resist a slightly lower load than 
that of the model with vertical flanges only. 
Figures 3.18(a), (b) and (c) show load-lateral displacement plots at the centre of the 
units for model-3,4 and 5 respectively. The experimental and numerical curves agree 
well. In the case of model-4. in Figure 3.18(b), the ultimate displacement for the 
numerical curve is greater than that of the experimental one because the experiment 
was stopped before reaching this value. The ultimate displacement of model-5 in 
Figure 3.18(c) is also greater than that of the experimental one and this was because of 
the failure of the adhesive at the plate/flange interface as explained earlier. 
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Figure 3.18 Experimental and numerical load- lateral displacement plots at the 
central node for; (a) model-3, (b) model-4, (c) model-S 
The load-stress plots at the vertical gauge position `V' for model-3,4 and 5 are 
displayed in Figures 3.19(a), (b) and (c) respectively. The stresses in the plate at this 
position are of the same order in all three models, indicating that in the flanged units 
Chapter 3 57 
0 
02468 10 12 14 
Central Displacement , 1.3 (nun) 
the extra load is resisted by the flanges. However, the stress distribution in the plate is 
changed by the introduction of flanges. In the flanged units (model-5 and 6), there is a 
high axial stress as well as bending stress at the ultimate load which is due to the 
constraint provided by the flanges to the plate edges, but in the unflanged unit (model- 
4), the total stress is almost entirely due to the bending stresses. Also in the flanged 
units, at a load of about half of the ultimate load, there is a reversal of stress which is 
due to the local buckling of the plate. This is not the case with the unflanged unit. 
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Figure 3.19 Experimental and numerical load-stress plots at the vertical gauge 
position 'V' for; (a) model-3, (b) model-4, (c) model-5 
The load-stress plots at the horizontal gauge position `H' for model-3,4 and 5 are 
demonstrated in Figures 3.20(a), (b) and (c) respectively. The unflanged unit (model-4) 
at this position is in pure tension and it is only near the ultimate load that the bending 
stresses appear and then there is a reversal of stress at this point. The unit with vertical 
flanges (model-5) exhibits stresses of the same order; there are, however, bending 
stresses as well as axial stresses earlier in the loading history. The unit with flanges on 
all four sides (model-6) experiences smaller stresses (in the region of 1/3 of that for the 
other two models); this is due to the fact that most of the tension is taken by the 
horizontal flanges. There is also a reversal of stress at a load of approximately 2/3 of 
the ultimate load and after that the bending stress increases causing compression at the 
inner face of the plate. 
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Figure 3.20 Experimental and numerical load-stress plots at the horizontal gauge 
position 'H'for; (a) model-3, (b) model-4, (c) model-S 
The results of this experimental investigation indicate that the vertical flanges increase 
the failure load by 300%. However, the horizontal flanges do not affect the load 
carrying capacity of the unit since they were loaded uniaxially. It is also concluded that 
the majority of the load is carried by the vertical flanges and only about 25% of the 
load is resisted by the plate and skeletal members. This indicates that the axial stiffness 
of the skeletal members were far too small compared with that of the vertical flanges 
and plates. The ratio of area stiffness of the tubes to that of the plate plus flanges was 
calculated to be 0.07. 
3.6 Parameter study of flanged and unflanged continuum/skeletal units utilising 
F. E. analysis. 
After verifying the F. E. model using the results from the experimental tests, a 
parameter study was carried out on two different systems under uniaxial compression; 
viz. flanged and unflanged plates. The deflection of the vertical sides of the plates 
under test were excessive and exceeded practical limits, however, by introducing 
flanges on the free edges of the plate, the system was stiffened and strengthened 
considerably. In addition to stiffening the plates the flanges will also facilitate the 
connection of two or more adjacent units when fabricating a panel consisting of a 
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number of the basic units. The flanges were 10 mm wide with the same thickness and 
material properties as the plate (theratio of outstand to thickness was approximately 7). 
In this study two variables were investigated; these were the diameter and the modulus 
of elasticity of the skeletal members. Three different diameters were considered viz. 8, 
12 and 16 mm representing slenderness ratios (L/r) of 212,141 and 106 respectively. 
The modulus of elasticity of the skeletal members were arbitrarily varied to represent 
rods made from different types of fibre (e. g. glass, glass/carbon hybrid, aramid and 
carbon) and/or different fibre fractions. Five different moduli were considered; 17.5, 
35,70,105 and 175 GPa. In these analyses both geometry and material nonlinearities 
were considered. Von Mises failure criteria was used to model the material failure in 
the F. E. analysis and it was assumed that the plate was a quasi-isotropic material 
(randomly oriented fibres) and that the rods were also made from an isotropic material. 
Tensile coupons from the plate material were experimentally tested up to failure and 
were also modelled numerically using the same type of element as that in the mesh 
used for the parameter study. The stress-strain graphs for the two investigative 
techniques were compared; they gave good agreement (Figure 3.21). The stress-strain 
relationship of the tensile coupon was used in the numerical model which exhibits an 
ultimate failure stress of 186.5 MPa. The failure stress for the rods under compression 
was taken as 220 MPa from Rustum (1984)[3.5]. 
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Figure 3.21 Stress-Strain plot for the coupon (woven roving mat) 
The results of the analyses are given in Table 3.5 for the unflanged units and Table 3.6 
for the flanged units. 
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Table 3.5 Results of the parameter study for the unf anged units 
Et (GPa) 17.5 35 70 105 175 
Dt (mm) 
LF (Load/1000) 1.08 1.89 3.87 4.07 4.28 
UZ central (mm) -11.79 -5.47 24.41 20.32 13.6 
8 Uz edge (mm) -11.6 -7.16 -25.87 -23.83 -19.68 
Rod axial force (N) -1199 -1425 -1743 -1867 -2184 
Axial stiffness ratio 0.17 0.34 0.68 1.02 1.7 
Buckling mode a a b b b 
LF (Load/1000) 4.84 6.02 7.26 7.93 8.69 
UZ central (mm) 38.5 24.53 16.8 12.72 8.41 
12 UZ edge (mm) -35.56 -29.95 -25.81 -23.33 -20.53 
Rod axial force (N) -2426 -3154 -4242 -4985 -5902 
Axial stiffness ratio 0.38 0.76 1.52 2.28 3.8 
Buckling mode b b b b b 
LF (Load/1000) 7.87 10.4 12.8 14.1 15.1 
UZ central (mm) 29.51 19.04 10.28 7.33 6.01 
16 UZ edge (mm) -36.16 -31.32 -26.12 -34.39 -24.03 
Rod axial force (N) -4299 -6457 -8916 -10120 -11028 
Axial stiffness ratio 0.68 1.36 2.72 4.08 6.8 
Buckling mode b b b b b 
Figures 3.22(a) and 3.22(b) show the graph of failure load against axial stiffness ratio 
for the unflanged and flanged systems respectively; the axial stiffness ratio is the ratio 
of area stiffness of the rods (verti-cal area is considered) to the area stiffness of the 
plate. Three curves representing three different rod diameters (slenderness ratios) are 
plotted; in Figure 3.22(a) the curve of L/r = 212 (`L' being the overall diagonal length 
of the unit) exhibits a mode change from half-sine wave mode ('a') to anticlastic mode 
(`b') (see Figure 3.23), and the curves of L/r = 141 and L/r = 106 present anticlastic 
modes only. Experimental values of tested models one and two are also plotted on the 
same graph. It can be seen that both values lie below the mode change, hence the half. 
sine wave buckling modes of the experimental models are justified. 
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In Figure 3.22(b) axial stiffness ratio for the flanged system is the ratio of area stiffness 
of the rods to area stiffness of the plate and flanges. Curve of L/r = 212 represents only 
half-sine buckling modes whereas curve of L/r = 141 exhibits a change of slope which 
represents a transition from half-sine mode to anticlastic mode shapes; curve of L/r = 
106 also indicates a mode change. 
Table 3.6 Results of the parameter study for the flanged units 
Et (GPa) 17.5 35 70 105 175 
Dt (mm) 
LF (Load/1000) 1.92 2.69 3.96 5.04 6.71 
UZ central (mm) -12.67 -11.52 -7.71 -5.24 -4.47 
8 UZ edge (mm) -12.7 -11.26 -8.20 -6.93 -7.01 
Rod axial force (N) -1413 -2188 -2874 -3239 -4171 
Axial stiffness ratio 0.16 0.32 0.63 0.95 1.60 
Buckling mode a a a a a 
LF (Load/1000) 4.64 7.57 12.8 13.7 15.0 
UZ central (mm) -14.62 -11.42 3.61 3.87 2.87 
12 U. edge (mm) -14.82 -13.01 -15.53 -15.70 -14.87 
Rod axial force (N) -4214 -6182 -7057 -7774 -8746 
Axial stiffness ratio 0.36 0.71 1.43 2.14 3.57 
Buckling mode a a b b b 
LF (Load/1000) 10.9 14.7 17.7 19.6 20.8 
UZ central (mm) -9.37 13.7 11.03 6.14 5.56 
16 UZ edge (mm) -14.60 -26.60 -26.12 -23.30 -23.84 
Rod axial force (N) -7672 -8235 -10929 -12631 -13659 
Axial stiffness ratio 0.63 1.27 2.54 3.81 6.35 
Buckling mode a b b b b 
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Figure 3.22 Plots of load-axial stiess ratio: (a) unf anged systems; (b)flanged systems 
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Figure 3.23 Deformed shapes for unflanged and flanged units 
It can be deduced from this parameter study that the anticlastic buckling mode is a 
function of the position of the centroid of the stiffness of the whole system, and this 
position changes by varying the stiffness of the individual components of the system. 
Also the system at four corner boundary conditions should be free to rotate about Y 
axis (11y). 
It is evident that the introduction of flanges generally increases the buckling load and 
decreases the displacements, but because of different buckling modes, the introduction 
of flanges is not always beneficial and in some cases it has an adverse effect on edge 
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displacements; this can be seen in Figure 3.24(a) at point 'A' which occurs just before 
the mode change, at which the buckling load has improved but the displacement has 
also increased. Therefore to find the optimum, the buckling loads and lateral edge 
displacements of the flanged systems are normalised with the unflanged systems, 
representing the percentage increase in buckling load and percentage decrease in edge 
lateral displacement; both are plotted on the same graph as a function of axial stiffness 
ratio of the skeletal members to the plate. Figure 3.24(a) shows an optimum value of 
axial stiffness ratio of 1.7 for systems with rods of L/r = 212. This represents a 60% 
improvement in buckling load and in lateral edge displacement. Figure 3.24(b) 
representing L/r = 141, shows a 50% improvement in buckling load and in 
displacement at an optimum EA ratio of about I. I. Figure 3.24(c) representing L/r = 
106, a 37% improvement at an optimum EA. ratio of about 1.0. 
The results are consistent and as would be expected; a high modulus should be used for 
systems with slender rods e. g. carbon fibre rods (E = 175 GPa), and for intermediate 
systems a hybrid of glass/carbon rods might be relevant (E = 50 GPa), and for systems 
with rods of low slenderness ratio glass fibre rods with low fibre volume fraction (E _ 
25 GPa) should be used. It is interesting to note that the failure modes for optimum 
cases of all three slenderness ratios are half-sine wave modes and not anticlastic. This 
is because the anticlastic modes, which exhibit high buckling loads, also result in large 
lateral displacements. 
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(b) 
d=12 mm (L/r=141) 
s0 80 
70 dPnm 70 
60 60 
50 i.. _ý_ _ . r. ý.... _ 50 c 
YC 
40 40 jz 
30 
20 . _...... _:.. 20 
C3 Load 
10 )0 
.ý« YMý. "iR 
0 O 
10 . 10 
0 0.5 1 1.5 2 2.5 3 3.5 4 
Axial Stiffness Ratio, EA (rods/plate) 
(c) 
d= 16 mm (Urs 106) 
60 60 
50 50 
S40- 
c 3 37 
a 30 30 
2: 20 m Lod 
O 
20 t ý. 
.. r" pis yamea 
10 0 ý- 1 
............. 
.. 
0 ....... .... 0 
01234567 
Axial Stiffness Ratio, EA (rodstplate) 
Figure 3.24 Optimum axial stiess ratio_for. flanged systems: (a) Ur = 212; 
(b)L/r=141; (c)L/r=106 
3.7 Various loading conditions on the optimum continuum/skeletal unit 
The parameter study was carried out on the models under uniaxial compression loading 
condition. An examination is now made to characterise the behaviour of one of the 
optimum models which was considered in the previous section (L/r = 141, Et = 50 
GPa) under different loading conditions. The following load cases are considered: 
(ýpamum 
. 
C3 Load 
""e- D[qlasmeR 
o Load 
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(1) Uniaxial compression (examined previously). 
(2) Uniaxial tension. 
(3) Biaxial compression. 
(4) Inplane shear. 
The boundary conditions used for all load cases are the same as those used in the 
parameter study and the experimental tests. 
Table 3.7 gives the result of the eigenvalue and nonlinear analyses for the different load 
cases. 
Table 3.7 Buckling loads for d jerent load cases 
Load cases Linear Nonlinear 
(1) Uniaxial compression 2044 (N) 9910 (N) 
(2) Uniaxial tension 1936 13890 
(3) Biaxial compression 8046 7620 
(4) Inplane shear 1659 7730 
The linearised buckling load estimates are very much smaller than those obtained by 
the nonlinear load-displacement analysis, this is because the lowest eigenvalues are 
those of local buckling of the plate and not an overall buckling of the structure. 
However load case (3) is the exception, and the lowest mode is one of overall buckling 
of the system and therefore the prediction is quite close to the one obtained by the 
nonlinear analysis. The deformed shapes of the unit under different load cases at 
ultimate loads (nonlinear analysis) are shown in Figure 3.25. 
The load versus lateral edge displacements (at the horizontal edges for the shear and 
tensile load cases and at the middle of the vertical edges for both compressive cases) of 
the unit under different load cases are plotted in Figure 3.26. The unit under biaxial 
compression exhibits the smallest lateral edge displacement, however, the lateral 
displacement of this unit is greater at its central node which can be seen in Figure 3.27; 
displaying the lateral displacement of the central node for all load cases. The unit under 
uniaxial compression exhibits larger lateral deflections at its vertical edge than its 
central node. The failure under both compressive load cases (1 and 3) are of a gradual 
buckling of the system. 
The curve for the unit under tensile load (case 2) is only shown up to the initial 
buckling of the horizontal edges and the unit continues to resist load up to more than 
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twice that shown in the graphs but with very large deformations. The failure of this 
system is also a gradual one. 
Uniaxial Compression Uniaxial Tension 
Biaxial Compression Inplane Shear 
Figure 3.25 Deformed shapes of the unit under different load cases 
Chapter 3 70 
The unit under inplane shear loading is an exception to the other load cases, in that the 
system displays a sudden loss of stiffness at buckling and to maintain the equilibrium, 
the structure has to return to an earlier level of loading (this is similar to buckling of 
thin cylindrical shells under axial compression). The unit under shear loading could be 
sensitive to imperfections as structures with similar behaviour generally are. The 
failure of the unit under shear loading is triggered off by the buckling of the bottom 
horizontal compression flange which leads to the buckling of the compression diagonal 
skeletal members; resulting in a sudden collapse of this member and the whole system. 
The skeletal members under this load case behave in a similar way to a typical cross 
bracing system in which the compression diagonal buckles in a full sine wave (being 
restrained at the centre by the tension diagonal). Figure 3.28 shows the load versus 
axial force relationships for the critical member under different load cases. 
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Figure 3.26 Load-Lateral edge displacement plots for different load cases 
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Figure 3.27 Load-lateral displacement plots at the central node for different load 
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Figure 3.28 Load-Axial force plots for the critical skeletal member under different 
load cases 
The Von Mises stress distributions imposed on the deformed shapes of the model at the 
ultimate load (except for the tensile load case which is at the first buckling) are shown 
in Figs 3.29 to 3.32 for load cases (1) to (4) respectively. 
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3.8 Discussion 
A configuration study on continuum/skeletal systems under inplane uniaxial 
compressive loading resulted in choosing a system which possessed both gradual 
failure and postbuckling strength characteristics. The efficiency of this system was 
measured on the basis that the system should have a higher buckling capacity than the 
sum of its individual components, denoting an interaction between the constituents. 
From the results of the experimental analyses and the parameter study, it was evident 
that the ultimate buckling failure of the system was accompanied by large lateral 
displacements, especially at the free vertical edges of the plate. When these edges were 
stiffened by introducing flanges, along their lengths, the lateral displacements were 
reduced by as much as 60%. This was achieved by carrying out a parameter study for 
two types of units (i. e. flanged and unflanged) in which two variables were changed; 
the modulus of elasticity and the diameter of the skeletal members. It was found that 
two distinct buckling mode existed under uniaxial compressive loading, depending on 
the position of the centroid of stiffness of the whole system. This position changed with 
the change in ratio of axial stiffness of the skeletal members to that of the plate and 
flanges. It was demonstrated by the parameter study that the introduction of the flanges 
is not always beneficial and due to the existence of two different buckling modes, in 
some cases, it has an adverse effect on the lateral edge displacements. Three sets of 
curves were produced, each for a particular L/r ratio of the skeletal member, indicating 
an optimum axial stiffness ratio. These were found to be 1.7,1.1 and 1.0 for L/r ratios 
of 212,141 and 106 respectively. 
It may be argued that the change in the axial stiffness ratio could be achieved by only 
varying the diameter of the rods and therefore the unit does not have to be 
manufactured from composite material. However the size of the diameter of the 
skeletal members is constrained by the size of the nodal joints (i. e. large diameter 
members require large impractical nodal joints) and by increasing the modulus of 
elasticity of these members instead of the diameter, the size of the joints could be 
minimised. 
In the developed system both the continuum and the skeletal frame are load bearing 
members; the skeletal frame made from unidirectional fibre matrix composite rods or 
tubes are the components which- resist the compressive loads and are utilised in 
conjunction with thin composite plates, which are ideal for resisting tensile stresses. 
Although the system under ultimate buckling load undergoes large deformations, there 
is no permanent damage, and on removal of the load the structure recovers completely 
(as observed in the experimental study). This characteristic is ideal for structures which 
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are exposed to gusts of wind and which may deform under this load but will recover 
when the gust have passed. 
A preliminary investigation into other loading conditions demonstrated that the system 
offers equally good buckling capacity with characteristics of a gradual failure under 
other loading conditions (i. e. biaxial compression and uniaxial tension), with the 
exception of the inplane shear load case, which, although its ultimate capacity was as 
high as the biaxial compressive load case; the failure was sudden. However, if the unit 
is to be used in a modular constructionfor a shear panel/wall, then an appropriate 
parameter study should be carried out to improve its characteristics under shear 
loading. 
The axial stiffness ratios derived from the parameter study, will only produce optimum 
units in the context of a very limited number of parameters considered in the study. 
There are many more parameters involved in derivation of a true optimum unit, they 
include; flange width/thickness ratio, modulus of elasticity of the flanges (type and 
volume fraction of fibre), thickness and modulus of elasticity of the plate, the overall 
dimension of the unit, the distance between the centroid of the skeletal frame and that 
of the plate, orientation of the fibres in the individual members, radius/wall thickness 
ratio for tubular members, the effects of imperfections on the unit, different loading 
and boundary conditions. Therefore an iterative optimisation process would be 
required to derive the optimum structural unit. 
These units are ideal for wall panels or roof structures to form a stressed skin system in 
which the plate also provides a surface covering. Next chapter will illustrate the 
advantage of continuum/skeletal structures, manufactured from fibre/matrix composite 
materials, which utilises the flanged units for the fabrication of the walls and the 
double layer space roof of the stressed skin structure. 
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Chapter 4 
Application of Advanced Composites to a Double 
Layer Stressed Skin Roof Structure. 
4.1 Introduction 
Application of advanced composites in the construction industry is usually confined to 
glass fibre composites. The inherent low modulus of elasticity of glass fibre 
composites causes problems of instability and low stiffness in structures made from 
this material. In space frame roof structures, low stiffness would cause large 
deformations which may not be acceptable in service conditions, buckling of members 
could also result in sudden collapse of the structure. 
Improvements in the stiffness of the overall structure can be achieved by the following 
methods: 
(i) Combining a continuum with the skeletal structure in such a way that the 
continuum takes a share of loading (e. g. a stressed skin system). 
Vii) Introduction of skeletal members in the same plane as the continuum to resist 
axial compressive forces. 
(iii) Using a skeletal member configuration which maximises the load sharing 
between the continuum and the skeletal system. 
(i v) Folding of the continuum. 
(v) Overall geometric shape of the structure. 
The first three methods of the above were investigated in the previous chapter and in 
reference [4.10] to develop a continuum/skeletal unit which could be used as abuilding 
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block from which a load bearing and weather proof enclosure could be formed. In this 
chapter the continuum/skeletal unit is used to develop a double layer stressed skin roof 
structure by connecting these units together along their flanges to form the top and 
bottom layers; these layers are connected together by vertical skeletal members only. 
4.2 Previous work 
Holmes and Just (1983)[4.6] examined a double layer stressed skin roof system in 
which the upper and lower surfaces were in a parabolic shape. They showed that the 
stressed skin structure, like a box section was a particularly suitable form for GRP 
structures due to the fact that its stiffness was derived from its shape. The upper and 
lower surfaces were formed from curved GRP modules and were connected through a 
steel cross bracing system; giving a variable depth structure to control the magnitude of 
deflections. The structure had a span of 60 metres which was simply supported along 
each end on walls. Mid-span deflection at end of life due to self-weight and snow load 
was about one hundredth of the span. 
A two way spanning system of steel rigid Vierendeel girders with pin joints in 
predetermined positions known as Cubic space frame was developed by Kubic 
(1991)[4.9]. Without diagonal bracing members, this modular system gives the 
designer considerable freedom to locate and support plant, services and walkways etc. 
The members of the Cubic space frame have to resist various combinations of shear 
force, axial force, bending and torsional moments to support the applied loads. Shear 
forces and bending moments are dominant close to the supports, and axial forces 
dominate close to the centre of the span. This is in contrast to the members of a 
triangulated space structure in which the only significant forces to be resisted are 
normally axial forces. 
4.3 Geometry of the roof 
The overall geometry of the roof system is chosen to produce a closed form shape, 
furthermore as the roof structure is spanning one way and is simply supported, the 
depth of the double layer is chosen to be greatest at the mid-span where the vertical 
deflections are usually the largest; this depth is then reduced to a value of 1/5 at the 
supported edges. The corner nodes . of each unit lies on an arc of a circle and as the roof 
is made up of flat units, the top and bottom layers of it are slightly folded so as to 
achieve the curvature of the arc (see Figure 4.1). The roof is made up of two metre 
wide segments of 12 metre span which are in turn made up of two metre square units. 
These square units form the top and bottom layers of the roof. Each unit is connected to 
the adjacent one along its flanges and at the corner nodes. The comer nodes of the 
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adjacent units are referred to as the main joints of the structure. The top and bottom 
layers are connected together by vertical members (columns) only; the main and 
secondary columns are connected to the main and secondary joints. The main joints are 
stiffer than the secondary ones because they contain flanges as well as skeletal 
members. In the analyses all joints are considered to be fixed; diagonal members are 
omitted and consequently the skeletal members have to resist combinations of shear 
and axial forces with bending and torsional moments. Individual units would be 
manufactured in factory and the top and the bottom layers could be formed on site and 
connected through by vertical members. One or more segments of the roof could then 
be lifted into position. As there are no diagonal members the joints are simplified 
considerably and would reduce the erection time. 
Y 
h=0.5 m 
4=9.5° 
R=36.250m 
Chord = 12.0 m 
Are length = 12.021 m 
X 
secondaryjoint 
main joint 
151.. - ` 
ý/ýI 
C\/ 
secondary column min. depth = 0.2 m 
main column max. depth m 
transverse ribs 
longitudinal ribs 
6x2m=12mspan 
Figure 4.1 Geometry and dimensions of the proposed roof 
The chosen geometry reduces the shear deformation of the structure hence reducing the 
vertical deflections. To demonstrate this, two plane frame structures (girders) shown in 
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Figure 4.2 made from GRP circular tubes are compared. Both structures have moment 
bearing joints and have the same span (12 m), member section sizes (chord members 
D=50 mm, t=2.5 mm; vertical members D=25 mm, t=2.5 mm) and material properties 
(E=32 GPa, v=0.3). The loading on both structures is 1 kN divided equally between the 
top chord nodal joints. The vertical displacement of the vierendeel girder at the centre 
(72 mm) is approximately 18 times greater than that of the girder with curved top and 
bottom chords (4.1 mm). Therefore a comparable Vierendeel girder (producing same 
vertical deflection) would have vertical members with considerably larger section sizes 
or would have had to be braced. 
U 
MAG. FACTOR = +3. OE+01 
SOLID LINES - DISPLACED MESH 
DASHED LINES - ORIGINAL MESH 
Figure 4.2 Comparison of the deformed shapes of the girders. 
4.4 Experimental investigation 
To investigate the behaviour of the proposed full size structure, a numerical model was 
required. To validate this, a 1: 10 scaled experimental model was built and tested. The 
model was made from perspex material and tested with dead weights hanging from 
nodal joints of the structure. Displacement and strain measurements were taken using 
Linear Variable Displacement Transducers (LVDT) and electrical resistance strain 
gauges respectively. The duration' of the testing and the type of loading made the 
perspex model susceptible to creep effects; the latter had the effect of reducing the 
modulus of elasticity of the material. An estimate was made of the approximate 
reduction of the modulus of elasticity by testing a perspex coupon. 
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4.4.1 The tensile coupon test 
To minimise the creep effects of perspex, the reduced modulus of elasticity of the 
material was found by undertaking a tensile test on a coupon under dead weights. The 
coupon, which had longitudinal and transverse strain gauges attached to it, was loaded 
in five increments. At each increment two sets of strain readings were recorded, one set 
immediately after the loading and another set after ten minutes. From previous 
experience it has been found that most of the creep in the perspex will take place in the 
first ten minutes. Details of the coupon and the test set up is shown in Figure 4.3 
9 
0 tn 
5 
0 
0 
rain gauges connected 
to the data logger 
50 kg total load at 
10 kg increments 
Figure 4.3 Coupon Details and the test set up for the coupon test 
The stress-strain relationship of the coupon and the adjustment for creep effects of 
perspex is shown in Figure 4.4. From this curve the reduced modulus of elasticity was 
calculated to be 3.0 GPa. The Poisson's ratio was calculated as the ratio of the 
transverse strain to the longitudinal strain and was found to be 0.36. 
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Figure 4.4 Stress-Strain relationship for the perspex coupon 
4.4.2 The perspex roof model test 
The roof model was made up of 24 units of 200x200 mm squares. The thickness of the 
plates and the flanges were 1.5 mm and the width of the flanges were 10 mm. The 
skeletal members were built from 6 mm diameter tubes with 1 mm wall thickness. Two 
of the flanges for each unit were attached at the required angle to accommodate the 
fold lines of the roof forming the transverse ribs of the model. 
After manufacturing of all units, strain gauges were attached to the plates and skeletal 
members at selected points. The layout of the strain gauges are shown in Figure 4.5; 
eleven points were selected for an investigation. These were chosen to coincide with 
the nodal points in the finite element mesh solution. Thus three points on the top layer 
continuum and the corresponding three points on the bottom layer were gauged on both 
sides of the plates. The skeletal members had three gauges subtending 120° at the 
centre of each member length; their positions on the main columns and on the beams of 
the top and bottom layers are shown in Figure 4.5. 
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Gauge positions J 
Figure 4.5 Geometry & layout of the strain gauges and LVDTs. 
The roof model was then assembled by connecting the individual units together to form 
the top and the bottom layers, these in turn were joined together by vertical skeletal 
members. For the purpose of this experiment all the connections were made using 
adhesives. However in practice mechanical fasteners would also be utilised. Two 
LVDTs to measure the vertical displacements of the roof were placed one at the central 
position and the other at 1/3 of the span. 
4.4.2.1 Loading 
The loading was applied as concentrated loads at the nodal joints for simplicity, 
although in practice a uniformly distributed load would be more appropriate. The 
concentrated loads were applied by hanging dead weights from the nodal joints. To do 
this, holes were drilled through the joints (top and bottom layers); thin Nylon strings 
which supported the dead weights. were fixed at the top layer joints and were passed 
through them, and through the vertical members (tubes) and the bottom layer joints; 
steel hangers were attached to the end of Nylon strings to support the weights. The 
arrangement is shown in Figure 4.6. 
Since the main nodal joints were stiffer than the secondary joints, the total load on the 
roof was distributed between the nodal joints according to their stiffnesses. The 
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LVDT positions 
LZ 
Y1 Y2 
Local coordinate system for the continuum 
stiffness of a joint was calculated as the sum of the bending stiffnesses of the members 
connected at the joint. For example the stiffness of the main joints were calculated as 
E (EI/ L)beams +E {EI / L)ribs + {Et3/12(1-V2))plate (4.1) 
and for the secondary joints as 
E (EI / L)beams + {Et3/12(1-v2)}plate. (4.2) 
The effect of the fold line which passed through the main joints was neglected. This 
method of load distribution proved to be a more realistic approach than dividing the 
total load equally between the nodes; the resulting overall displacements were very 
similar to that of a uniformly distributed load. This is discussed later in more detail for 
the full scale models. 
The ratio of stiffness of the main nodal joint to that of the secondary nodal joint was 
calculated to be 3.9: 1, however a loading ratio of 4: 1 was used for practical reasons. 
Two load cases were considered; loading on the full span (load case-1) and loading on 
the left half of the span (load case-2). For both load cases, the load was applied in five 
increments and the readings were recorded ten minutes after the application of the load. 
At each increment the load was 400 grams at each main nodal joint, 200 g at each edge 
nodal joint and 100 g at each secondary nodal joint. A total load of 26 kg for the load 
case-1 and 13 kg for the load case-2 were applied over five increments and strain and 
displacement data were recorded by computer. The experiments were repeated to check 
that data could be reproduced. Figure 4.6 shows a photograph of the experimental 
model. 
4.4.2.2 Support conditions 
The roof model was tested under simply supported boundary conditions, it was pinned 
at the left hand side supports and was supported on rollers at the right hand side 
supports. The pin condition was achieved by use of a ball bearing placed between two 
spherical seatings which were drilled in the roof joint and the supporting pier. Roller 
condition was imposed by a ball bearing placed between a spherical seating and a flat 
smooth surface. 
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4.4.2.3 Finite element model 
Finite Element Analysis package ABAQUS [4.1] was utilised for the numerical 
analyses. Element verification and mesh convergence studies were not carried out for 
the roof structure, however these were undertaken for the single units in the previous 
chapter and verified by testing. To reduce the number of elements in the structure, a 
relatively coarse mesh was chosen. Each unit was modelled using quadrilateral eight 
noded shell elements for the plates (4x4 mesh) and the flanges (4x 1 mesh), two number 
of three noded quadratic beam elements for the skeletal members. The shell elements 
had 5 DOF and the beams had 6 DOF at each node. The joints were modelled using 
multi-point constraints, thus approximately modelling the joints by rigid body 
movement of the nodes involved. 
The whole of the roof was modelled to enable an eigenvalue analyses to be carried out 
for the full scale numerical model and not to miss any critical modes in the absence of 
previous knowledge of the expected critical mode shapes. The roof model contained 
886 elements, 3321 nodes, 19926 DOF and a maximum wave front of 1428. Nonlinear 
load-displacement analysis (Riks method) was carried out for both load cases using the 
material properties determined from the coupon test. These were performed over five 
increments to correspond with the experimental procedure. The deformed shapes of the 
structure under each load case are shown in Figure 4.7. 
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Figure 4.6 The roof model under lest conditions 
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Figure 4.7 Deformed shapes: (a) load case-1, (b) load case-2. 
4.4.2.4 Experimental results 
Load-displacement relationships for both load cases are shown in Figure 4.9 at 
positions Y1 and Y2 (see Figure 4.5). Load case-1 produces larger displacements at 
these positions. There is also a change in stiffness of the curves after the first load 
increment. This could be due to micro cracks or partial glue failure in the joints of the 
model. Figures 4.10 and 4.11 show load-axial force in the skeletal members for load 
case-1 and 2 respectively. The axial force is similar in the three columns but has a low 
value in the beam for load case-1. However the axial force in the beam for the load 
case-2 is shown to be greater than that in the columns. This shows that the skeletal 
members in the plane of the continuum (beams) are contributing to resisting the axial 
forces in an unbalanced loading condition. 
Figures 4.12 and 4.13 show load-axial force plots for the continuum under loading 
conditions 1 and 2 at gauge positions `A', `B' and `C' (top and bottom layer positions) 
as indicated in Figure 4.5. Gauge positions `A' and `B' at the top layer for load case-i 
produce compressive axial force in the longitudinal direction, at gauge position `C' 
which is in the transverse direction, this force is tensile. This verifies that the individual 
units behave the same when they are part of a larger structure. That is to say, when the 
units are under unidirectional compressive load, the plate is in compression along the 
longitudinal edges and in tension along the transverse edges. This was shown in the 
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previous chapter and reference [4.10). This is due to scissor action of the skeletal 
members. The scenario is reversed for the bottom layer as the skeletal members are in 
tension (see Figure 4.8). The same is true for load case-2 but the forces are smaller. 
Top layer unit Bottom layer unit 
Figure 4.8 Plate/skeletal members interaction for the individual units 
Comparing Figures 4.14 and 4.15, load-moment plots in the continuum for the load 
cases 1 and 2 respectively, the bending moments under load case-1 are greater than 
those for load case-2. Under the load case-1, the bending moment is greater at the unit 
near the support at gauge position `A' than the one near the mid-span at the gauge 
position `B' in the longitudinal direction (Mx). At mid-span, Mx (longitudinal 
direction) and My (transverse direction) are almost the same at gauge positions `B' and 
`C' respectively. For the load case-2, the bending moment Mx is greater at mid-span at 
gauge position `B' than at gauge position `A' near the support (reverse of load case-1). 
The bending moment in transverse- direction (My) is very small compared to the other 
positions. 
The results indicate that for this model loading condition 1 is the critical one with 
bending moments higher near the supports and axial forces higher near the mid-span. 
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Figure 4.9 Experimental load-displacement plots for both load cases 
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Figure 4.10 Experimental loan'-axial force plots for the skeletal members for 
load case-1. 
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Figure 4.11 Experimental load-axial force plots for the skeletal members for 
load case-2. 
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Figure 4.12 Experimental load- axial force plots for the continuum at all 
gauge positions for load case-l- 
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Figure 4.13 Experimental load-axial force plots for the continuum at all 
gauge positions for load case-2. 
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Figure 4.14 Experimental load-moment plots for the continuum at all 
gauge positions for load case-1. 
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Figure 4.15 Experimental load-moment plots for the continuum at all 
gauge positions for load case-2. 
4.4.2.5 Comparison of results 
Experimental and numerical results for both load cases are compared to validate the 
F. E. model. A sample of these are shown below. Figure 4.16 shows load-displacement 
plots for load case-1 at LVDT positions Y1 and Y2. The F. E. results are linear but the 
experimental curves exhibit a reduction in stiffness after the first loading increment. 
This change in stiffness is also seen in plots of load-stress and load-axial force in 
Figures 4.17 and 4.18 respectively. This is thought to be due to the partial adhesive 
failure in a part of the model or due to the roller support condition which was provided 
by a flat surface and possibly was not sufficiently smooth and prove d; rotation and 
translation to some degree at these supports under low loads on the structure. The latter 
is probably more likely, as this condition is not encountered under load case-2. The 
graph in Figure 4.19 for load case-2 shows a very good agreement between the two 
techniques, similarly for the load-axial force in the top layer beam at gauge position 
`D' which is shown in Figure 4.21. The load-stress relationship in the continuum at the 
bottom layer gauge position `B' in Figure 4.20, indicates higher stresses 
experimentally compared to those from the numerical solution by a maximum value of 
15%. 
Generally the displacements agree well, but there are discrepancies in the stress values 
for the following reasons: 
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" The nodal joints were modelled only approximately in the finite element model, 
using multi point constraints which modelled rigid body movement of the nodes 
connected to a joint. This will affect the stress distribution in the structure especially 
in the continuum around the joints. 
" Imperfections in the experimental model which include varying thicknesses in the 
plates and tube walls, uneven joints and fold lines, varying thickness of the adhesive 
connecting flanges of the adjacent units. 
" Possible partial adhesive failure at joints in the experimental model. 
" Non-achievement of ideal suppört conditions in the experimental test. 
" The elimination of the effect of creep was not fully achieved under constant load 
increments as the strains were still increasing with time, even though the readings 
were taken ten minutes after the application of the load. 
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Figure 4.16 Comparison of experimental and F. E. load-displacement plots for 
load case-1. 
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Figure 4.17 Comparison of experimental and RE load-stress plots for the 
bottom layer plate at 'B' for load case-l. 
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Figure 4.18 Comparison of experimental and F. E. load-axial force plots for the 
vertical member 'V3 'for load case-l. 
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Figure 4.19 Comparison of experimental and FE. load-displacement plots for 
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Figure 4.20 Comparison of experimental and F. E. load-stress plots for the 
bottom layer plate at `B' for load case-2. 
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Figure 4.21 Comparison of experimental and RE load-axial force plots for 
the top layer beam at D' for load case-2. 
4.5 Full scale GRP finite element model 
The length and force units in the F. E. analysis of the 1: 10 scaled experimental model 
were in millimetres and Newtons respectively. The same F. E. model was used for the 
full scale roof, but this time the unit used for the length was in centimetres, therefore 
eliminating the need to generate another F . E. model 
for the full scale roof. 
4.5.1 Boundary conditions 
All three left hand side supports were restrained against translations in X, Y and Z 
directions but rotations were allowed (i. e. pin supports). The three right hand supports 
were restrained only against translations in Y and Z directions (i. e. roller supports). 
4.5.2 Material properties 
All the material properties were extracted from Johnson (1986)[4.8]. The material 
chosen for the continuum and the ribs was glass fibre/polyester resin woven rovings 
laminates (WR) with 50% glass by volume and manufactured by hand lay-up technique. 
This was a bi-directional composite with equal amounts of fibres in two orthogonal 
directions (specially orthotropic material). The properties used for the WR laminates 
are given in Table 4.1 
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Table 4.1 Material properties for the WR laminates 
E1 = E, 17.5 GPa (x105 N/cm ) 
G12.. E / 2(1+v12) 7.3 GPa (x105 N/cm2) 
V12 
6fc 
0.2 
180 MPa (x102 N/cm2) 
The material chosen for circular tubes of the skeletal members was uni-directional 
(UD) glass fibre pultrusions combined with layers of chopped strand mat (CSM). CMS 
increases the transverse strength and improves the torsional rigidity of the UD fibre 
tubes. The fibre vote. efraction of these was also taken to be 0.5. The properties used 
for UD tubes in the analyses are given in Table 4.2 
Table 4.2 Material properties for the UD tubes 
E1 32 GPa (x10' N/cm`) 
F, z 8 GPa (x105 N/cm2) 
G12 
a 
F22 / 2(1+v12) 3 GPa (x105 N/cm2) 
G13 = G23 1.4 GPa (x105 N/cm2) 
V12 0.3 
Eft 420 MPa (x102 N/cm2) 
The properties for polyester resin and E-glass fibre given in Table 4.3 were used to 
calculate the density of the material using `rule of mixture' as follows: 
p=pf. Vf+ pm. Vm = (2560x0.5) + (1300x0.5) = 1930 kg/m3 (use 2000 kg/m3) 
This value was used for the plates, ribs and tubes since they all had a glass volume 
fraction of 0.5. 
Table 4.3 Material properties for the fibre and matrix 
Polyester resin E-glass fibre 
p 1300 kg/m 2560 kg/m 
E4 GPa 70 GPa 
v 0.4 0.2 
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4.5.2.1 Safety factors 
There is no significant difference in the long term strength properties of the various 
GRP materials (CSM, WR and UD) when expressed as a proportion of respective short 
term strength values. In BS4994 [4.3] the partial design factor on short term strength 
and for long term loading (of unspecified time) is in the region 1.2 - 2. Johnson 1986 
[4.8] has suggested a strength at 10000 hours in a fibre direction between 36-58% of 
their short term strength for UD and WR glass reinforced polymer materials. He has 
also suggested that in the absence of specific data, a factor of at least 2.0 is necessary 
for sustained loads of one year in air at 20° C for GRP materials and a minimum factor 
of 2.5 for WR and 3.0 for CMS laminates for ten years loading. Higher values would 
be necessary when GRP materials are used in wet environments. 
4.5.3 Local buckling of circular cylinders 
It is desirable to design the skeletal members (circular tubes) to fail by local buckling 
of the tube wall rather than a material fracture by tensile failure of the fibres which 
could lead to a sudden and catastrophic failure of the column. Johnson 1985 [4.7] has 
given design formulae for UD glass/polyester cylinders under bending moments which 
have been reproduced in eqn. (4.3) to eqn. (4.5). The design criterion used is the onset of 
a local buckling instability and in practice a GRP column may have considerable 
postbuckling strength, giving a further margin of safety in the design. 
Local buckling failure stress, 
ß 
a't'E1. K1 
(4.3) b= 1/2 
R [3 (1-vi2v21), 
where K1 is the anisotropy factor 
1ý? 1/2 ln_ 
K1 =21+ V12 
E2 E2 ) )_ G12 
(4.4) [jJ1 E1 E1 
The critical radius/thickness ratio is given as 
aK1 CtJ 
- 1,12 
(4.5) 
cei3 
1- v12 " 
E2 
EI 
such that for higher R/t values (i. e. smaller wall thicknesses) buckling will occur. 
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List of symbols: 
a is the design factor which allows for over simplification in the analysis, a con- 
servative value is taken as 0.65 
t wall thickness of the tube 
R outer radius of the tube 
v12 Poisson's ratio 
El modulus of elasticity in the axial direction 
E2 modulus of elasticity in circumferential direction 
G12 inplane shear modulus = E2 / 2(1+vI2) 
el failure strain, typically in the range 0.01-0.02 for GRP and not strongly 
dependent on the proportion of aligned fibres. 
Calculating K1 by substituting values from Table 4.2 in eqn. (4.4) will give a value of 
K1=0.33. Taking the strain to failure as 0.015, a=0.65 and substituting values in 
egn. (4.5) will result in (R/t)c = 8.3. Therefore, for buckling failure to occur, R/t must be 
greater than 8.3. Rearranging and substituting values in eqn. (4.3), 
ßb=4154/(R/t) MPa 
and this value should be less than the ß± due to material fracture under tension; in this 
case 420 MPa. Buckling stresses are calculated for a range of tubes and are given in 
Table 4.4. 
Table 4.4 Local buckling stresses of the different tubes 
DtA (mm2) I (mm4) L/r R/t ab (MPa) 
50 1.5 229 67265 69 16.6 250 
50 2.5 373 105507 48 10 415 
60 1.5 276 118006 57 20 208 
60 2.5 452 186992 39 12 346 
70 1.5 323 189422 49 23.3 178 
70 2.5 530 302348 33 14 297 
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In the F. E. analysis, for the UD skeletal members to be modelled correctly, these 
members have to be modelled using the shell elements, however this was not practical 
since it would increase the total number of elements in the model dramatically. 
Therefore the skeletal members were modelled using the beam elements, their material 
was assumed to be isotropic and the local buckling stresses given in Table 4.4 were 
used as yield stress values for the skeletal members in the nonlinear analyses. 
4.5.4 Comparison between various types of loading 
Three different types of loading were investigated in which the total load on the 
structure was the sum of self weight of the structure and the live load (snow loading on 
the full span taken as 0.075 N/cm2). The self weight was applied as a body force at the 
centroid of each element (beam/shell elements). The snow loading was applied to the 
structure in three different methods: 
(a) Uniformly distributed on the top layer continuum (UDL) 
(b) Divided equally between the nodes and applied as concentrated loads 
(c) Divided proportionate to the stiffnesses of the j oints and applied as concentrated 
loads 
For the purpose of this investigation the thickness of the plates and ribs were taken as 
0.5 cm and the diameter of the skeletal members were chosen to be 7 cm. The wall 
thickness of the tubes of the skeletal members were 0.15 cm and 0.25 cm for the beams 
and columns respectively (this will be referred to as model-1). The concentrated loads 
for the loading type `b' were calculated to be 1500 N, 750 N, 1500 N at the main, edge 
and secondary nodal joints respectively. 
The distribution of the load for loading type `c' was carried out as explained earlier for 
the experimental model in section 4.4.2.1 and the ratio of the stiffness of the main 
nodal joint to that of the secondary nodal joint was found to be 3.3: 1. The concentrated 
forces for this case were calculated to be 2300N, 1150 N and 700 N at the main, edge 
and secondary nodal joints respectively. The self weight of the structure and the total 
snow load on the roof were calculated to be 12.7 and 36 KN respectively. 
Linear static analyses were carried out to compare the behaviour of the structure under 
the different types of loading. The results are shown in Table 4.5 for the maximum 
values of vertical deflection of the structure, Mises stresses in the plates/ribs and the 
maximum bending moments and axial forces in the skeletal members. All the 
maximum values occur in the members close to the supports except for the maximum 
vertical deflection which occurs at the secondary joints closest to the mid-span (at the 
centre of units 3,4,9 and 10 in Figure 4.22) 
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Table 4.5 Results for the three different loading types 
Loading Loading Loading 
Position 
type `a' type `b' type `c' 
Vertical deflection (cm) near 2.17 2.42 2.19 
mid-span 
Plates, Mises stress (N/cm 2) 
Top 2947 745 755 
Bottom 721 737 746 
Ribs, Mises stress (N/cm 2) 
Top 5897 5619 5714 
Bottom 5435 5598 5688 
Top 20403 24602 20307 
Beams, moment (Ncm) Bottom 20347 24589 20321 
Top -2748 -2679 -2800 Beams, axial force (N) Bottom 2795 2743 2834 
Main -81395 -83579 -83520 Columns, moment (Ncm) Secondary 22588 21824 23656 
Main -1392 -755 -1150 Columns, axial force (N) Secondary -400 -755 -350 
The maximum displacement under loading type `c' is very close to that of loading type 
`a' (within 1%) but under loading type `b' the maximum deflection is 11.5% greater 
than that of loading type `a'. The good agreement between loading types `a' and `c' is 
also seen in the ratio of the axial force in the main columns to that of the secondary 
columns which have values of 3.5,1.0 and 3.3 for loading types `a', `b' and `c' 
respectively. This ratio corresponds to the ratio of the stiffness of the main joints to the 
secondary joints which was calculated to be 3.3: 1. 
Comparing the loading types `b' and `c' with `a'; the stresses in the ribs are within 5%, 
moments in the main and secondary columns are within 3% and 5% respectively. The 
axial forces in the beams are within 2.5%. The moments in the beams for type `b' are 
20% greater than that of type `a' whilst the moment value is almost the same for types 
`a' and `c' which once again confirms the good agreement between these two types of 
loading. 
However the maximum stresses in the top layer continuum for type `a' (UDL) is 
almost 4 times greater than those of the other two but they are still well below the 
failure stress of the plate (see Table 4.1). This was to be expected and is due to the fact 
that transverse loading is applied to the continuum in the case with the UDL (type `a'). 
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The stress distributions in the top layer continuum is very similar for the concentrated 
loading types ('b' and `c') and the stresses are greatest in the units nearest to the 
supports but the stress distributions under the UDL are very similar for all top layer 
units. The numbering sequence of the units for the top and bottom layers are shown in 
Figure 4.22. In Figure 4.23 the Mises stress distributions at the top and bottom surfaces 
of the plate for unit-1 under loading type `a' are shown. This is shown for unit-1 under 
concentrated loads type `b' in Figure 4.24. 
It is therefore concluded that, except for the local effects of UDL on the top layer 
continuum, there is a very good agreement between the loading types `a' and `c' and 
this justifies the method used for the loading of the experimental model to approximate 
the uniformly distributed loads. 
Unit-1 2 3 4 5 6 
7 8' 9 10 11 12 
Plan 
Inter 
Plan 
Figure 4.22 The numbering arrangements of the units and sections of the 
longitudinal ribs for the top and bottom layers 
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Figure 4.23 Mises stress distributions for unit-1 under uniformly distributed 
loading (type 'a ); (a) Top surface, (b) Bottom surface. 
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Figure 4.24 Mises stress distributions for unit-1 under concentrated loads 
(loading type 'b ); (a) Top surface, (b) Bottom surface. 
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4.5.5 Load cases 
Two load cases were considered: 
(1) Self weight plus snow loading on the full span 
(2) Self weight plus snow loading on the left half of the span. 
The snow loading was applied as a uniformly distributed load acting vertically down 
ward on the top layer continuum. The geometric and material parameters were the 
same as those used in model-1. 
Linear static and eigenvalue analyses were carried out for both load cases. In the 
eigenvalue analysis the buckling prediction was expressed as a factor (A) of the live 
load (snow loading). Therefore the total buckling load, 
P= self weight +X (live load). (4.6) 
The results for the lowest eigenvalues and the maximum values of the vertical 
deflection of the structure, Mises stresses in the plates/ribs and the maximum bending 
moments and axial forces in the skeletal members are shown in Table 4.5. 
Table 4.6 Results for the different load cases 
Position Load case-1 Load case-2 
Eigenvalue (X) --- 0.25 0.37 
Vertical deflection (cm) near 2.17 2.02 
mid-span 
Plates, Mises stress (N/cm'-) 
Top 2947 2978 
Bottom 721 590 
Ribs, Mises stress (N/cm2) 
Top 5897 4472 
Bottom 5435 3985 
Top 20403 16234 
Beams, moment (Ncm) Bottom 20347 16173 
Top -2748 -1893 Beams, axial force (N) Bottom 2795 1912 
Main -81395 57897 Columns, moment (Ncm) Secondary 22588 31917 
Main -1392 -1454 Columns, axial force (N) Secondary -400 -410 
Comparison of the results for the two load cases reveals that under load case-1 the 
deflections are greater by 7.4%, maximum stresses in the ribs are greater by 32%, 
maximum bending moments and axial forces in the beams are greater by 26% and 45% 
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respectively and the maximum bending moments in the columns are greater by 41%. 
The buckling load factor for load case-1 is 32% smaller than that of load case-2. All the 
indications are suggesting that load case-1 is the more critical loading condition. 
The eigenvalues suggest that. the roof would buckle at a fraction of the live load. 
Examining the lowest mode shapes for both load cases in Figure 4.25 shows the 
buckling of the top layer continuum in both cases. In fact these are only local 
instabilities and the structure does not fail at these loads and this will be shown in the 
next section by undertaking a nonlinear analysis. The first ten eigenvalues were 
extracted for both load cases, they were closely spaced with distinctly different 
eigenmodes which were variations of buckling of the continuum. The eigenvalues for 
both load cases are given in Table 4.7. 
Table 4.7 Eigenvalues for the first ten modes of the structure for both load cases 
Mode No. 123456789 10 
Case-1 0.250 0.258 0.297 0.305 0.368 0.376 0.394 0.404 0.504 0.507 
Case-I 0.371 0.381 0.469 0.482 0.697 0.700 0.830 0.837 0919 0940 
Y 
4 
Zý X 
Figure 4.25 The lowest mode shapes; (a) load case-1, (b) load case-2 
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4.5.6 Nonlinear analysis 
To investigate the behaviour of the structure up to failure a static nonlinear (geometry 
and material) analysis was carried out on model-I using the Riks method. The 
materials were assumed to be isotropic and elastic-perfectly plastic; the Von Mises 
criterion was used as the material failure criterion. The yield stress for the plates/ribs 
was taken to be the compressive failure stress of the WR laminates given in Table 4.1. 
The analysis was carried out in two steps, the first step was the application of the self 
weight, in the second step the live load was imposed by increasing the live load factor 
incrementally. The total load on the structure at any increment, 
PT = PD + LF (PL) (4.7) 
where PD is the Dead load (self weight), LF is the load factor and PL is the live load 
(snow loading in this case). The analysis was only carried out for load case-1 since this 
was found to be the critical load case as discussed in the previous section. 
In the nonlinear analysis, to trigger the possible buckling, an imperfection must be 
seeded in the geometry of the structure. This imperfection is usually in the form of one 
or more of the buckling modes expressed as a percentage of the thickness of the 
continuum. For the purpose of this investigation, the first mode (lowest mode) of 
buckling was chosen to be the critical imperfection and was imposed in the geometry 
as a 100% of the thickness of the continuum (100%t is usually considered to be the 
maximum imperfection). To do this a FORTRAN program (PERTURB) was written 
that took a required eigenmode and imposed it as an imperfection for a subsequent 
nonlinear analysis. The imperfection was expressed as a percentage of thickness of the 
plate multiplied by the normalised displacement of the eigenmode such that 
X= Xo+(sxpxtxUX) (4.8) 
where; 
X New X coordinates in the global axes 
Xo Original X coordinates in the global axes 
s Positive or negative sign (+/-1) 
p Percentage (e. g. 10% =. 0.1) 
t Thickness of the continuum 
Ux Normalised displacement in the X direction of an eigenmode 
The same is true for Y and Z coordinates. A listing of the programme is given in 
Appendix B. 
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Figure 4.26 shows two load-deflection curves; one at the centre joint in unit-3 of the 
bottom layer (representing the maximum deflection of the bottom layer) and another at 
the top layer continuum at one of the peak points of the mode shape (where the 
normalised value of displacement is equal unity) near the mid-span. The overall 
behaviour of the structure is linear up to a load equal to five times the snow loading as 
shown by the curve representing the bottom layer joint. After this point the nonlinearity 
starts which is due to the onset of material failure in the columns. However the 
behaviour of the top layer continuum is nonlinear and this nonlinearity occurs very 
early in the loading history which is due to the local instability of the continuum. In 
fact this instability occurs at a load very close to that calculated by the eigenvalue 
analysis in the previous section. The structure continues to resist loads far beyond this 
point and up to an ultimate load of almost nine times the live load. The increase in the 
slope of this curve after the local buckling is due to the tension stiffening of the plate 
which occurs after a local snap-through of this particular point in the continuum. 
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In Figure 4.27 the stresses in the critical members (near the supports) indicate that 
material failure first occurs in the main columns closest to the supports at a live load 
factor of five. A change of slope in the load-stress curves of the top and bottom layer 
beams is seen which is triggered by the failure of the main column. Finally these 
beams, the bottom layer rib (the longitudinal internal rib) and the edge column fail at a 
live load factor of approximately 6.75. The top layer rib (the longitudinal internal rib) 
fails at a load factor of almost eight by plastic buckling initiated by failure of the 
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material at the tip of the rib outstand. The failure of the different members at different 
loads indicate that the load is transferred to other members of the structure when one 
member is failed. The deformed shape of the structure at ultimate load is shown in 
Figure 4.28. It was also noticed that there was no material failure in the plates which 
could make it possible to reduce the thickness of the continuum. This would reduce the 
self weight of the structure considerably because the continuum counts for a large 
proportion (75%) of the total self weight of the structure. This is investigated by a 
parameter study in the following section. 
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Figure 4.27 Load- Stress plots for critical members in model-I 
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Figure 4.28 Deformed shape of model-1 at ultimate load 
4.5.7 Parameter study 
A parameter study was undertaken using nonlinear analysis of the full scale numerical 
model under loading case-1. The variables considered were the thickness of the plates 
(tp), the thickness of the flanges of the single units which form the ribs (tf) and the 
diameter of the skeletal members (D). An imperfection equal to 100% tp of the lowest 
mode was introduced in the geometry of all models. The specifications and the results 
for the different models are shown in Table 4.8. 
Table 4.8 Specifications and results for all models of the parameter study 
Model 
tp 
(cm) 
tf 
(cm) 
D 
(cm) 
Self-weight 
PD (kN) 
Load Factor 
LF 
Ultimate Load 
PU (kN) 
Stiffness 
K (kNm) 
K/PD 
1 0.5 0.5 7 12.681 8.72 326.6 1782 25.8 136 
2 0.3 0.5 7 8.803 7.4 275.2 1476 31.3 168 
3 0 0.5 7 5.911 2.48 95.2 540 16.1 91 
4 0.3 0.7 7 9.63 8.76 325 1656 33.7 172 
5 0.3 0.3 7 7.976 3.96 150.5 1260 18.9 158 
6 0.3 0 7 6.735 1.41 57.5 360 8.5 53 
7 0.3 0.5 6 8.657. 5.2 195.8 1224 22.6 141 
8 0.3 0.5 5 8.525 4.63 175.2 972 20.5 114 
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4.5.7.1 Change in the plate thickness 
Three different models were investigated in which the thickness of the ribs and the 
diameter of the tubes were kept constant (tf = 0.5 cm, D=7 cm) but the thickness of the 
plate was varied. The models had a plate thickness of 0.5 cm (model-1), 0.3 cm 
(model-2), and one model was considered without the continuum (model-3). The load- 
deflection curves for the three models are presented in Figure 4.29. 
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Figure 4.29 Effect of change in thickness of the plates (tf= 0.5, D=7 cm) 
It is clear from the graph that the presence of the continuum increases the stiffness of 
the structure considerably. The absence of the continuum in model-3 causes the lateral 
buckling of the longitudinal ribs at a very early stage of the loading history (live load 
factor of 0.5). However the structure enters a postbuckling region and continues to 
resist the applied loads of up to a load factor of approximately 2.5. The material 
remains elastic up to a load factor of approximately 2, then the material yielding occurs 
in the ribs near the mid-span. Figure 4.30 shows the lateral buckling of the ribs by 
means of load-stress plots of the internal ribs of the top layer. The buckling of the rib-1 
(closest to the support) is followed shortly by the buckling of rib-2 and rib-3. Stresses 
are plotted at two extreme surfaces of the ribs; i. e. section point-1 (spl) and section 
point-3 (sp3) for each rib at its mid-length. 
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Figure 4.30 Buckling of the upper chord longitudinal internal ribs in model-3 
The load-stress curves for the members with maximum stresses near the support are 
plotted in Figure 4.31. Sudden loss of stress in the internal rib near the support 
(indicating the buckling of this member) is followed by an increase in the stress in the 
top layer beam as the load is redistributed in the top layer skeletal members after the 
buckling of the ribs. The deformed shape of this model is shown in Figure 4.32. 
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Figure 4.32 The deformed shape of model-3 at ultimate load 
Model-2 represents the introduction of a 0.3 cm thick continuum which is considered 
to be the minimum acceptable thickness that can offer resistance to long term loading 
and weathering. The load-stress plots for the members with maximum stresses are 
shown in Figure 4.33 and the stress-strain relationships of the same members are 
shown in Figure 4.34. 
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Figure 4.33 Load- Stress plots for critical members in model-2 
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Figure 4.34 Stress-Strain relationship for critical members in model-2 
The first member to fail is the main column followed closely by the skeletal member 
(beam) of the top layer at a live load factor of approximately S. However, the structure 
continues taking loads up to a-maximum load factor of 7.4; this is a 50% increase in 
load after the first failure occurred. The top layer rib shows an abrupt reduction of 
stress with the material remaining linear elastic which indicates elastic buckling of this 
member. This can be seen more clearly in Figure 4.35 at the mid-length of rib-1 
demonstrating the lateral buckling of the tip of the rib. 
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Figure 4.35 Buckling of the upper chord longitudinal internal ribs in model-2 
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However rib-2 does not portray the same behaviour and the tip of the rib at both section 
points (1 and 3) exhibit exactly the same stresses, indicating that there is no lateral 
buckling of the rib. Instead there is a reversal of stress and the tip of the rib eventually 
goes into tension, indicating a different buckling mode. The different buckling 
behaviours of the internal ribs are explained as follows (see reference [4.2]). 
Each section of the top layer continuum bounded between two transverse ribs behaves 
similarly to a stiffened plate having stocky longitudinal stiffeners, where the stiffeners 
(ribs) act as a single span beam column (combined axial and transverse loading). Part 
of the plate (effective width) contributes to the cross section of each strut creating a T- 
section as shown in Figure 4.36. 
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Figure 4.36 Cross sectional details of the longitudinal internal rib 
The ribs in the panels adjacent to the supports (e. g. rib-1) are bending in the opposite 
direction to those of the others (rib-2 and rib-3); the tips of these are always in 
compression whilst those of rib-2 and rib-3 can experience tension under combined 
axial and bending stresses. Two modes of buckling; (a) lateral buckling of the ribs in 
the plane y-z (trippinof the outstand), (b) flexural buckling of the equivalent T- I., 
in the x-z plane, or a combination of these can occur. 
Model-1 was examined in section 4.5.6 (Figure 4.27); its behaviour is very similar to 
that of model-2 but the buckling of rib-1 is the flexural buckling in the x-z plane (not 
lateral buckling) and this is initiated by the failure of the material of the tip of the 
outstand (i. e. plastic buckling).. 
The overall stiffness of the structure in the linear region of the load-deflection curves 
are calculated (slopes of the curves) for all models. To compare the stiffness and 
ultimate load capacity of the different models, the stiffness/weight and ultimate load/ 
weight ratios are also calculated and represented in Table 4.8. 
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The introduction of the plates improves the stiffness/weight and ultimate load/weight 
ratios by 85% and 94% respectively, but a further increase (67%) in the thickness of the 
plate from 0.3 cm to 0.5 cm decreases those ratios by 19% and 18% respectively. This 
is due to the fact that the self weight of the continuum dominates the weight of the 
structure, therefore its thickness should be kept to the minimum required value of 0.3 
cm. 
4.5.7.2 Change in the rib thickness 
To investigate the effect of change in the thickness of the ribs, the thickness of the 
plates and the diameter of the tubes of the skeletal members were kept constant at 0.3 
cm and 7 cm respectively. The thickness of the rib (t) was varied by changing the 
thickness of the flanges (t) of the units. Therefore the thickness of the external ribs 
were equal to that of the flanges and the thickness of the internal ribs were twice as that 
of the flanges. Three different flange thicknesses were considered; 0.3,0.5 and 0.7 cm, 
resulting in the internal rib thicknesses of 0.6,1.0 and 1.4 with b/t ratios of 16.7,10 and 
7.1 for model-5, model-2 and model-4 respectively. The a/b ratio of the ribs was 15 (a 
= length, b= width, t= thickness). A model without any ribs was also considered, 
consisting of the skeletal members and the continuum only (model-6). 
Figure 4.37 shows the load-deflection curves for the four models; model-2 was 
discussed in the previous section, models 4,5 and 6 are discussed as follows. 
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The ultimate load and the behaviour of the model-4 is very similar to that of model-1 
explained earlier, but the flexural buckling of the ribs are elastic. Figures 4.38 and 4.39 
show the load-stress plots for the members with maximum stresses, and for the internal 
ribs at the tip of their outstand at their mid-length respectively. 
Y 
8 
7 
6 
I- 0 Y 
{i S 
4 
s. Y 
3 
2 
I 
0 
-X- Maincaiumn 
'---'ý- Edge echum 
-O- Sýoadry eduim 
'- 0- Top barn 
--0- Top rib 
-0 - Su. bmn 
""-" Bat m db 
-40000 -30000 -20000 -10000 0 10000 20000 30000 40000 
Stress, Sl l (N/cm2) 
9 
8 
7 
a6   
s3 
Figure 4.38 Load-Stress plots for critical members in model-4 
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Figure 4.39 Buckling of the upper chord longitudinal internal ribs in model-4 
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Although model-4 has an ultimate load capacity almost the same as model-1, but its 
self weight is less than model-1 by 24%. Therefore the same performance in the 
structure can be achieved by reducing the thickness of the continuum and instead 
increasing the thickness of the ribs. 
Model-5 which has the highest b/t ratio of the ribs (16.7) demonstrates a low stiffness 
and low ultimate load compared to other two models in Figure 4.37 and its curve is 
linear up to the failure. The load-stress plots for the members with maximum stresses 
in Figure 4.40 also reveal linear relationships up to the failure (the stress-strain 
relationships at the same positions are all linear elastic). This indicates that in absence 
of any material failure, there must exist an elastic buckling failure which is presented in 
Figure 4.41. All three longitudinal internal ribs in this model exhibit lateral buckling 
which eventually causes the structure to fail. As with other models, rib-1 initiates the 
buckling leading to the subsequent buckling of rib-2 and rib-3. This model has the 
highest outstand slenderness ratio (b/t = 16.7) and therefore more sensitive to the 
lateral buckling. 
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Figure 4.41 Buckling of the upper chord longitudinal internal ribs in model-S 
To determine the sensitivity of model-5 to imperfections, the model was also analysed 
without any imperfections in the original geometry. Comparing the `perfect' model 
with the model containing a 100% imperfection in Figure 4.42, the imperfect model 
has an ultimate load of 32% lower than that of the perfect model. 
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Figure 4.42 Imperfection sensitivity of model-S 
In the perfect model, the failure of the structure is by material failure which is started in 
the upper beams next to the supports at a load factor of just over 4, followed closely by 
failure of the main columns and internal ribs adjacent to the supports. The internal ribs 
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exhibit no lateral buckling. Therefore the structure shows sensitivity with respect to the 
imperfections in the form of the lowest eigenmode which causes the lateral buckling of 
the ribs. 
Model-2 was also analysed with a `perfect' geometry and produced an ultimate load 
factor 7.72 compared to a value of 7.4 for the model with a 100% imperfection. A 
reduction in the ultimate load of only 4% indicates that this model is not sensitive to 
the imperfection. 
The load-deflection curve for the model-6 reveals that the exclusion of the ribs will 
cause very large vertical deflections and reduces the overall stiffness and ultimate load 
capacity of the structure considerably. This is because the continuum is very thin and 
the upper layer plates will buckle under longitudinal compression along the edges of 
the units resulting in large deformations. This was to be expected as the individual 
units investigated in the previous chapter also produced large lateral deformations in 
absence of flanges. The deformed shape of this model at ultimate load condition is 
displayed in Figure 4.43. 
Figure 4.43 The deformed shape of model-6 at ultimate load 
The results denote that decreasing the outstand slenderness ratio (b/t) from 16.7 to 7.1 
(a 133% increase in the thickness of the ribs), increases the ultimate load/weight ratio 
by 78% but it only increases the stiffness/weight ratio by 9%. Although the stiffness/ 
weight ratio is not greatly affected by the b/t ratio of the ribs but the latter ratio controls 
the lateral buckling of the ribs and hence the ultimate load/weight ratio. 
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4.5.7.3 Change in the diameter of the skeletal members 
The investigation into the effects of change of the diameter of the skeletal members 
was carried out by keeping the plate (tp= 0.3 cm) and rib (b/t = 10) parameters constant 
and varying the diameter of the tubular skeletal members (the wall thickness of these 
was also kept constant). Three models were considered; model, model-7 and model-2 
in which the skeletal members had diameters of 5,6 and 7 cm, representing L/r ratios 
of 69,57 and 49 for the beams and 48,39 and 33 for the mid-span (longest columns) 
respectively. The R/t ratios and the corresponding failure stresses were given in Table 
4.4. The load-deflection relationships of the models in Figure 4.44 display that model- 
7 and model-8 are less stiff than model-2 and both demonstrate linear relationships up 
to the failure load. 
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Figure 4.44 Effect of change in diameter of the skeletal members Op = 0.3, if= 0.5 cm) 
Figures 4.45 and 4.46 show load-stress curves for the members with maximum stresses 
for model-7 and model-8 respectively. Both models exhibit material failure in the main 
column at a load factor of approximately 4.5 but with different stress values. This is 
due to the fact that the skeletal members for these models have different R/t ratios and 
therefore different failure stress values. There is no material failure at any other 
member near the supports and it is also noted that at ultimate load, the maximum stress 
at the top rib closest to the support is exactly the same for both models. 
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Figure 4.46 Load-Stress plots for critical members in model-8 
The load-stress curves at the tip of the outstand of the ribs at their mid-length are 
plotted in Figures 4.47 and 4.48. Both reveal similar behaviour; the flexural buckling 
of rib-3 in the y-z plane which is indicated by sudden reduction of stress leading to a 
constant stress (material failure). This is followed by lateral buckling of the rib-1 just 
before the ultimate load. There was no evidence of overall buckling of the skeletal 
members in these two models and therefore the buckling of the longitudinal internal 
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compression rib at the mid-span was thought to be the cause of the ultimate failure of 
these models. 
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Figure 4.47 Buckling of the upper chord longitudinal internal ribs in model-7 
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Figure 4.48 Buckling of the upper chord longitudinal internal ribs in model-8 
Model-8 did not prove to be sensitive to imperfection in the form of the lowest mode 
since the model with a 100% imperfection produced only a 7% reduction in the 
ultimate load. 
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The results denote that a 40% increase in the skeletal members diameter produces 47% 
and 53% increase in stiffness/weight and ultimate load/weight ratios respectively. It is 
also concluded that the buckling mode of the upper layer longitudinal internal ribs is 
also dependant on the diameter bf the skeletal members because they affect the 
stiffness of the main joints which subsequently affect the end conditions of the ribs. 
Also that the reduction in the diameter of the skeletal members, increases the bending 
moments in the ribs near mid-span in the y-z plane causing the failure of the material in 
that region. 
4.5.7.4 Comparison of all models 
Figure 4.49 displays the load-deflection curves for all models (regardless of their self- 
weight) where the load is expressed as a multiple of the live load (live load factor) and 
the vertical deflection as a percentage of the span. Assuming the live load factor to be a 
safety factor, at first it appears that most of the models are over designed with some 
models having factors as high as 8, however, bearing in mind that the live load 
(representing the snow loading in this case) is not a long term loading and would not 
require high structural factors of safety, it is most likely that the deflection would 
govern the design. The envelope of load-deflection curves is bounded between model- 
6 at the bottom and model-I and 4 at the top of the envelope giving the lowest and the 
highest factor of safety respectively. Another issue which dominates the design is the 
self weight of the structure which has a direct effect on the cost of the project. The 
normalised load-deflection curves for all models are given in Figure 4.50. The live 
load is shown as a multiple of the self weight and the vertical deflection is shown as a 
percentage of the span. The envelope of load-deflection curves is now bounded 
between model-6 at the bottom and model-4 at the top of the envelope giving the 
lowest and the highest stiffness and ultimate load capacities respectively; the order of 
the curves between these two limits have changed. 
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Figure 4.49 Load-Deflection curves for all models 
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From the results it can be concluded that the most economical way to increase the 
stiffness of the structure is to increase the diameter of the tubes of the skeletal members 
whilst keeping its wall thickness to a minimum, so as to have stocky compressive 
members which fail by local buckling of the walls of the tubes. This can be controlled 
by L/r and R/t ratios of the skeletal members. The ultimate load of the structure can be 
maximised by controlling the b/t ratios of the ribs to stop the premature failure of the 
structure by elastic buckling. The most important factor controlling the self weight is 
the thickness of the continuum which counts for a large proportion of the self weight of 
the structure (1/3 for model-2 with plate thickness of 0.3 cm) and this parameter should 
not be used to control the stiffness of the structure and the minimum allowable value in 
terms of weather resistance should be used. 
Although an optimum model is entirely dependent on the design requirements, in this 
case model-2 was chosen for the examination of stress distributions at ultimate load. 
The variation of moments and forces in the skeletal members of the top layer and the 
columns were investigated. The numbering arrangements of the top layer beams and 
the main columns can be seen in Figure 4.51. 
Ro' 
Suppo Mid-span 
... cJ........ 
Row-2 column-Cl C2 C3 
PLAN 
Figure 4.51 Numbering arrangements of the top layer beam and main column 
members 
The moments along the skeletal members of row-1 (beams) for the top layer are plotted 
in an accumulated distance along the members in Figure 4.52. The bending moments 
about the local axis 1-1 of the beams (Ml) have the greatest values (this is due to 
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bending in the longitudinal global plane). These are highest in the member-bl 
immediately next to the support and smallest in the member next to the mid-span 
(member-b6). The bending moments about the local 2-2 direction (M2) are very small 
compared to M1 moments. Torsional moments (M3) are also greatest at the supports 
and smallest at the mid-span. 
The moments in the row-2 of the top layer skeletal members are shown in Figure 4.53. 
Beam-bl exhibits the greatest bending moment (M1) and torsional moment (M3). The 
bending moments (M2) are small but larger than those for members of row-1. 
Figures 4.54 and 4.55 show the forces in the top layer skeletal members for row-1 and 
row-2 beams respectively. The shear forces in the 2-2 direction (Q2) are very small 
(almost zero), the shear forces (Q1) in the 1-1 direction are the largest in the members 
next to the supports and smallest at the mid-span. Axial forces are greatest in member- 
b2 and smallest in member-3. . 
Figures 4.56 and 4.57 display bending moments (Ml) and forces (axial and shear) in 
the main columns respectively. Bending moments (M2), torsional moments (M3) and 
shear forces (Q2) are almost zero (small stresses exist due to the imperfection of the 
model) because the main columns lie on the longitudinal plane of symmetry. The 
moment (M1) is greatest in column-Cl nearest to the support and almost zero in 
column-C3 (also on the transverse- plane of symmetry) at mid-span. The same is true 
for the shear forces (Q1), however axial force is greatest at the column-C2 at quarter 
points of the span. Generally the skeletal members closest to the supports are highly 
stressed. 
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Figure 4.52 Moments in the top chord skeletal members of row-i 
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Figure 4.58 shows the fringe plot of vector magnitude of displacements of the model, 
indicating that the greatest deformation occurs in the continuum of the top layer units 
at the mid-span. 
Figure 4.59 gives the axial force distribution in the skeletal members, displaying 
tensile forces in the bottom layer members and compressive forces in the top layer and 
column members. 
Figures 4.60 and 4.61 exhibit membrane force distribution for the top layer continuum 
in the longitudinal (N11) and transverse (N22) directions respectively. The 
concentration of N11 compressive forces along the longitudinal flanges and N22 
compressive forces along the transverse flanges can be seen with other parts of the 
continuum in tension. 
Figures 4.62 and 4.63 demonstrate the membrane force distributions in the bottom 
layer continuum in the longitudinal (N11) and transverse (N22) directions respectively. 
In the longitudinal direction, the membrane force in the continuum is tensile except for 
the regions near the supports. In the transverse direction, the continuum also exhibits 
tensile membrane forces except for the regions along the transverse flanges. There are 
also high concentrations of tensile membrane forces around the secondary joints of the 
structure. 
Figure 4.64 shows the membrane forces in the ribs in their longitudinal local directions 
(Nil). High compressive forces in the upper internal ribs and high tensile forces in the 
bottom layer ribs near the supports are observed. 
Figure 4.65 gives the Mises stress distribution in the ribs which indicates that failure 
stresses occur in the ribs next to the supports. A close up view of this is shown in 
Figure 4.66. 
Figure 4.67 displays the Mises stress distribution in the continuum (outer surface). The 
magnitude of Mises stress values are very much larger in the top layer continuum. The 
stress concentrations are evident along the longitudinal ribs but they do not reach the 
failure stress. 
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4.5.8 Side vertical units supporting the roof structure 
A structure was considered with the roof supported at its transverse edges on vertical 
units. These units are connected to the roof at their nodal joints at the top and fixed to 
brick walls or external columns at their nodal joints at the bottom of the units. 
Three load cases were considered for model-2 using linear static analysis: 
(1) Snow loading on the full span. 
(2) Snow loading on the left half of the span. 
(3) Wind loading on the roof and vertical units. 
The self weight of the structure was taken into consideration in all cases. The load 
case-i and case-2 were as discussed previously in section 4.5.5 for the roof structure. 
The wind loading for load case-3 was calculated using CP3 [4.4]. The details of the 
calculations are given in Appendix C. The basic wind speed was taken to be 40 m/s and 
the dynamic pressure due to the wind (q) was found to be 427 N/m2. The wind loading 
on the structure is shown in Figure 4.68. The finite element model of the structure is 
shown in Figure 4.69. 
1.3 q 0.8 q 
0.5 q -p q 0.0427 N/cm2 
0.5 q 
Figure 4.68 The wind loading on the structure 
Figure 4.69 The finite element model of the structure with side vertical units 
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The roof part of the structure was the same as for model-2, but the section sizes of the 
skeletal members of the side units were taken as those of the columns of the roof (i. e. 
d=7 cm, t=0.25 cm). The results for the members with maximum stresses are given in 
Table 4.5 for the three loading conditions. The results indicate that load case-1 gives 
the most critical condition with the highest displacements and stresses. The bending 
moments and axial forces in the side units are considerably lower than those of the roof 
units and columns. The same is true for the stresses in the ribs and plates of the side 
vertical units. 
Table 49 Results for the members with maximum stresses for the roof with side vertical units 
Roof Position Load case-1 Load case-2 Load case-3 
Vertical deflection (cm) near -2.0 -1.9 +0.75 mid-span 
Plates, Mises stress (N/cm2) Top 7265 7260 4488 
2 Ribs, Mises stress (N/cm) 
Top 4871 4274 2380 
Bottom 3981 3051 1355 
Top 15959 -13372 -5940 Beams, moment (Ncm) Bottom 15971 14743 -5927 
Top -2181 -1744 712 Beams, axial force (N) Bottom 2422 1836 -827 
Columns, moment (Ncm) Main 57824 58905 -16283 
Columns, axial force (N) Main -1483 -1485 1053 
Side vertical units 
Plates, Mises stress (N/cm2) 987 649 1991 
Ribs, Mises stress (N/cm2) 2231 1856 1334 
Skeletal members, moment (Ncm) 7047 5229 6088 
Skeletal members, axial force (N) -989 -1426 -400 
4.6 Discussion 
The continuum/skeletal units which were developed as building modules can be used 
successfully in a modular construction for a load bearing enclosure. The results of the 
nonlinear analyses prove that a considerable stiffness combined with high ultimate load 
capacity can be achieved by using the proposed units. As it would be expected for GRP 
composites, the governing design factors are the deformations of the structure and/or 
the buckling of the members. The most economical method to maximise the stiffness 
and the ultimate strength of the structure is: 
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" To increase the diameter of the skeletal members whilst keeping their wall thickness 
small enough so as to have stocky members which fail by local buckling of the tubes 
wall. This can be controlled by L/r and R/t ratios. 
" To increase the thickness of the ribs sufficiently to stop the lateral buckling of the 
internal compression ribs. This is controlled by the slenderness ratio (b/t) of the out- 
stand. 
" To keep the thickness of the continuum to the minimum required to resist weather- 
ing and other long term effects, e. g. creep. 
The results of the investigation suggest a thickness of 0.3 cm for the continuum, a bit 
t 
ratio of 10 or less for the ribs and a L/r ratio of less than 50 combined with a R/t ratio of 
greater than 14 for the skeletal members. 
The main advantage of this structure over a conventional steel space frame would be its 
self weight, considering that the density of GRP (with a fibre fraction of 0.5) is 
approximately 1/4 of that of steel, their stiffness/weight ratios are approximately the 
same and strength/weight ratio of GRP is 5 times greater than that of steel. The GRP 
roof would result in less loads on columns and foundations, and also the transportation 
and lifting of the structure in construction would be easier. The individual units would 
be manufactured in a factory and the roof segments would be assembled on site and 
lifted into position. The lack of the diagonal members simplifies the joints and the 
connection process hence reducing the erection time. However, to further reduce the 
shear deformation of the structure, Aramid wire cross-bracing between the main 
columns in the longitudinal direction could be provided as shown in Figure 4.70. 
f'ýýMain 
column 
Aramid wire bracing 
Figure 4.70 Aramid wire cross-bracing 
The results of the nonlinear analyses reveal that the behaviour of the structure is linear 
elastic up to high factors of live loading with large deflections, therefore under short 
term high loads (e. g. gusts of wind) the structure would return to its original state 
without any material failure. This was also noted in the experimental investigations 
carried out on the GRP units in the previous chapter. 
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Although fire and corrosion problems have not been investigated in this thesis, it 
should be mentioned for completeness that the GRP structure has good corrosion 
resistance compared to a similar structure in steel, furthermore, with the advanced 
polymer composites which are used currently in the construction industry, fire is not a 
problem due to the high percentage of glass contained in the material, however if 
required, the fire resistance of the composite could be increased by including the 
appropriate fire retardant additives in the matrix of the GRP (see reference [4.5]). It 
should be mentioned that because of the enclosed air between the top and bottom 
layers, the structure offers good insulation property against heat loss. The nodal joints 
are proposed to be manufactured also from composite material. The skeletal members 
connected to these joints would be bonded and bolted, providing a moment bearing 
joint (fixed joint). A typical joint connecting four adjacent units is shown in Figure 
4.71. 
flanges of adjacent 
units forming the ribs 
beam member 
column member 
Figure 4.71 The details of a typical connection at a main joint (the junction of four 
adjacent units). 
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Chapter 5 
Buckling of Advanced Composite Prestressed Units 
Under Inplane Loading 
5.1 Introduction 
This chapter deals with continuum/skeletal structural units in which the skeletal system 
is the primary structure. In previous chapters and in reference [5.6] the behaviour of 
such a skeletal system connected at discrete joints to a single plate was investigated. 
This chapter will discuss the buckling behaviour of three distinct types of advanced 
composite continuum/skeletal structural units when the skeletal system is connected, at 
discrete joints (node joints) to a double continuum plate system in which the skeletal 
members are sandwiched between the two continuum plates which have the same area 
as a single plate continuum/skeletal system. The three distinct types are: 
(1) Double plates sandwiching the skeletal system. 
(iii) Double plates with flanges sandwiching the skeletal system. 
(iii) Double plates sandwiching the skeletal system with rigid foam filling the gap. 
In addition, all of the above systems are considered when prestressed by the skeletal 
members. 
The double plate configuration has certain physical and mechanical advantages over 
the continuum/skeletal structure with a single plate of the same total volume of plate 
material, these are: 
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" The gap between the plates provide air insulation and a further enhancement would 
be obtained if the space were filled with a rigid foam. 
" An increase in the initial buckling of the system could result if the plates were pre- 
tensioned. 
Throughout this chapter the system with double plates sandwiching the skeletal system 
will be known as the Double Plate System (DPS) and the system with a single plate 
connected to a skeletal structure will be known as the Single Plate System (SPS). 
Figure 5.1 shows a diagram of the experimental continuum/skeletal system (DPS) 
loaded inplane; all systems discussed in this chapter are of similar geometric shape. In 
Chapter 3 it was shown that this particular structural configuration (for SPSs), 
manufactured from fibre /matrix composites was the optimum. 
Two perspex models were tested initially to validate the finite element modelling used 
in the analyses of the composite structure and to demonstrate the prestressing 
technique for future composite models; one of the models was prestressed and the 
other was unstressed before applying the external loads. The chapter continues 
discussing continuum/skeletal structures in which four different composite materials 
are used for the skeletal component, the continuum component is manufactured from a 
randomly orientated glass fibre polymer matrix composite. 
5.2 Experimental investigation 
The pretensioning of the plates in the basic continuum/skeletal unit (DPS), shown in 
Figure 5.1, is achieved by the compressive prestressing of the skeletal members by 
tension wires which pass through the centre of the tubes; the prestressing operation is 
undertaken before the two components are joined. After the skeletal frame has been 
connected to the continuum at five nodal points, the prestress in the tubes is released 
thus transferring the tension from the prestressing wires to the plates. 
Two test models with identical geometry were made from perspex; one was prestressed 
and the other was not. The dimensions and details are shown in Figure 5.1. The 
modulus of elasticity and the Poisson's ratio values for the perspex was 3.3 GPa and 
0.35 respectively. Four points on one of the plates (front plate) were selected for 
attachment of electrical resistance strain gauges to both sides of the plate; these points 
were chosen to coincide with the nodal points in the finite element mesh solution. In 
addition three strain gauges were attached to the mid length of two of the skeletal 
members of the non-prestressed model and to all the skeletal members of the 
prestressed model; the gauges subtended 120° at the centre of each member. Two 
Linear Variable Displacement Transducers (LVDT) to measure the lateral displacement 
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of the system were placed at the central node and at the middle of the vertical edge of 
the back plate. 
P 
steel reaction beam 
strain cuaae I 
D 
Ti T, , 
C 
T 
Y 
T4 ,, 12 mit tube 
perspexjoint 
) 300! 300x1.5 mm perspex plate 
rn 
Y 
Cross Section 
Figure 5.1 Geometry and lay-out of strain gauges for both models 
5.2.1 Prestressing procedure 
The four tubes were tested individually to determine their buckling load before the 
prestressing took place; the load-strain graphs up to buckling were plotted for all tubes. 
The strain readings in the tubes were taken as the average of the three strain gauges at 
the middle of each tube. A typical. graph for one of the tubes is shown in Figure 5.2. 
Graph of load against average strain for all four tubes is shown in Figure 5.3. 
The skeletal frame was first fabricated and clamped at its central joint to a wooden 
bench. The strain gauges were connected to the data logging system; an average value 
of strain for the three gauge readings for each tube were recorded and displayed on the 
computer screen. By calibrating the gauges it was possible to apply the desired 
compressive force to each tube. The load was applied to the members by screwing a 
nut onto a threaded rod which passed through each tube (see Figure 5.4). A force of 
about half the buckling load of each tube was applied as the prestressing force (i. e. 50 
kg);. the buckling loads and load-strain equations are shown in Table 5.1. 
Extreme outer &. inner position 
on the X-Sec. of the front plate 
stress calculations 
A 
T3; 
1_0 
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t= 1.5 mm 
FI=21 mm =! 
Table S. 1 Prestressing force in the skeletal members (tubes) 
Tube 
No. 
Buckling 
Load (Kg) 
Load-Strain 
equation 
Prestressing 
force, Y (Kg) 
Microstrains 
X 
1 104 Y= -0.01883 X 50 -2655 
2 96 Y= -0.01897 X 50 -2636 
3 94 Y= -0.01903 X 50 -2627 
4 93 Y= -0.01929 X 50 -2592 
At this stage the plates were bonded and pinned at the five node points to the skeletal 
frame and the structural unit was stored for 24 hours for the adhesive to harden. By 
carefully unscrewing the nuts, which were exerting the prestress, the tensile force was 
released from the threaded rods and transferred to the plates. Strain readings of all 
gauges were recorded before and after prestress transfer. 
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Figure 5.2 Load Strain curves for tube-1 
Chapter 5 152 
ILV 
100 
so 
60 
Q 
40 
20 
0 
-6000 -5000 -4000 -3000 -2000 -1000 0 
A4icrostrains 
Figure 5.3 Load Average strain curves for all four tubes 
Figure 5.4 Prestressing arrangement 
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5.2.2 Experimental test procedure 
Both the non-prestressed and the prestressed models were tested in an Instron testing 
machine under a compressive loading applied at the four corner nodes; the rate of 
loading was 1mm per minute. Load, displacement and strain readings were recorded up 
to the buckling failure. The boundary conditions were simply supported at four 
corners, with one corner constrained against translation in the X direction. Hence the 
models could extend in the inplane direction but could not move laterally at the 
comers. These boundary conditions were achieved by milling Vee grooves in the steel 
reaction beams, drilling spherical' seatings at each corner joints and utilising ball 
bearings to transfer the applied load from the reaction beams onto the corner joints. 
Utmost care was taken in drilling the spherical seatings of the corner nodal joints so 
that they were positioned on the centre line of the tubes; this ensured that the load was 
applied to the skeletal frame and not to the plates. However, to apply a truly axial load 
is difficult and this was found to be one of the reasons for obtaining different failure 
modes for the two models in the experimental testing. 
The two models failed in different modes but at very closely matched ultimate loads; 
the non-prestressed model failed in a mode which consisted of a combination of the 
fourth eigenmode and a twisting mode due to eccentricity in the applied load. The 
failure of the prestressed model corresponded to the first eigenmode. The eigenmodes 
were detected using F. E. A.; the first four modes were very closely spaced for both 
models. This is explained in the next section. 
5.2.3 Finite element modelling 
Finite Element Analysis package ABAQUS [5.1] was used for the numerical analysis. 
Element verification and mesh convergence studies were carried out and a mesh of 
eight by eight S9R5 shell elements were selected for the plates. These are nine noded 
quadrilateral elements with five degrees of freedom (D. O. F. ) at each node with 
biquadratic functions. Four beam elements of PIPE32 were chosen to model each tube. 
These are three noded quadratic beam elements with six D. O. F. at each node. The 
plates were connected to the tubes using multi-point constraints, thus approximately 
modelling the joints by rigid body movement of the nodes involved. 
Eigenvalue analyses were carried out on F. E. models for both the prestressed and the 
non-prestressed systems. The prestressing force was modelled as an initial stress 
condition. The first six modes for both models were extracted; the eigenvalues are 
shown in Table 5.2 and eigenmodes are shown in Figure S. S. 
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Table 5.2 Eigenvalues for both models and percentage increase in buckling 
load by prestressing 
Mode 
No. 
Non-prestressed 
(N) 
Prestressed 
(N) 
% Increase in 
buckling load 
1 302.80 633.89 109 
2 308.38 634.28 106 
3 309.70 635.48 105 
4 311.81 635.85 104 
5 438.94 771.31 76 
6 444.85 776.50 75 
The results in Table 5.2 shows that the first four eigenvalues are closely spaced and the 
prestressing decreases this space even further, consequently the model is likely to 
buckle in any of the first four modes or indeed a combination of these, depending on 
the imperfections in the plates, tubes, joints and the eccentricities in the line of 
application of the applied load.. The results also indicate that prestressing increases the 
initial buckling load of the DPS by more than 100%. The first mode shape is the same 
for both cases and the order of second and third modes are reversed for the prestressed 
system. The rest are the same for both cases except for the fifth mode which is similar 
but not exactly the same (inverted) as it is shown in Figure S. S. 
Mode 3 
Mode 6 
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Figure 5.5 Buckling mode shapes: (a) non prestressed; (b) prestressed 
5.2.4 Loss of prestress 
Only loss of prestress due to elastic deformation of the plates was considered in the 
numerical analysis; this is shown in Table 5.3. The loss of prestress in the experimental 
model is less than the numerical model. This could be due to the following reasons: 
" The initial prestress was greater than 490.5 N in one or more of skeletal members. 
" The joints were not modelled in the numerical model (for simplicity). 
" The temperature effects (difference between coefficients of expansions of steel 
threaded rods and perspex tubes). 
" The imperfections in the experimental model and unequal prestressing force in the 
tubes causing bending strains at the prestressing and the transfer stages (numerically 
only axial strains were considered since the models were assumed to be of perfect 
geometry). 
Forces in the tubes after losses in the experimental model were; Tube-i = -492.2 N, 
Tube-2 = -465.5 N, Tube-3 = -460.6 N, Tube-4 = -466.9 N. Also an analytical value for 
percentage loss of prestress is calculated using the method suggested in section 5.3.2 
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and is shown in Table 5.3; this value lies between the experimental and numerical 
values. 
Table 5.3 Loss of prestress in the tubes 
Numerical Experimental Analytical 
Tubes initial force (N) -490.5 -490.5 --- 
Force in the tubes 
after transfer (N) -418.6 -471.3 
(average) --- 
Percentage loss due 
14.7% 4% 8.6% 
to elastic deformation 
5.2.5 Nonlinear analysis 
A load-displacement analysis was carried out where nonlinear geometry was 
considered for both models. Since both models were `perfect'(i. e. an ideal structure 
with perfect geometry), an imperfection was needed to trigger the bifurcation. The 
program `PERTURB' was used to impose the eigenmode as an imperfection for a 
subsequent nonlinear analysis. The imperfection was expressed as a percentage of 
thickness of the plate multiplied by the normalised displacement of the eigenmode 
such that 
X= X0+ (sxpxtxUX) 
(5.1) 
Where; 
X New X coordinates in the global axes 
X, Original X coordinates in global axes 
s Positive or negative sign (+/- 1) 
p Percentage (e. g. 10% = 0.1) 
t Thickness of the plate/shell 
Ux Normalised displacement in the X direction of an eigenmode 
The same is true for Y and Z coordinates. 
The prestressed model was seeded with a 10% imperfection in the shape of the first 
buckling mode. This induced a failure mode comparable to that of the experimental 
one. However, the non-prestressed experimental model failed in a complex mode. This 
was modelled by the combination of a 10% imperfection in the shape of the fourth 
buckling mode plus a load eccentricity at one side of the model (e = 1% H, where H is 
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the total thickness of the system). Gap elements were used to model the edges of the 
plates when in contact. The F. E. deformed shapes at failure are shown in Figure 5.6 for 
both models. Figure 5.7 shows a photograph of the non-prestressed model under test at 
failure. 
Y 
X 
Z 
l' º 
Figure 5.6 Deformed shapes at failure: (a) non prestressed; (h) prestressed 
Figure 5.7 Non prestressed model under test at failure 
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5.2.6 Comparison of results 
The finite element results are compared with the experimental results to validate the 
F. E. model for the subsequent parameter studies. 
5.2.6.1 The non-prestressed model 
Figures 5.8 and 5.9 show graphs of the vertical load against the lateral displacements 
at the centre and at the middle of the left vertical edge, respectively. Figure 5.10 gives 
the relationship of the load versus axial force in the tubes and Figures 5.11 and 5.16 
show load-stress graphs at the gauge positions `A' and `D' respectively. Stresses are 
shown in directions x and/or y at each gauge position on both sides of the plate (e. g. 
Sxo is stress in x-direction at outer face of the plate and Syi is the stress in Y-direction 
at inner face of the plate). In all above mentioned graphs very good agreement between 
the two methods of analysis is displayed. However, in Figures 5.12 to 5.15 which 
display load-stress graphs at gauge positions `B' and `C', there are discrepancies 
between the two techniques. This is due to the fact that these two points are close to the 
central joint (which was also manufactured from perspex) and the actual joints were 
not modelled in the numerical analysis. This affects the stress distributions around the 
joints and has led to larger stresses in the numerical model around the central joint. 
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Figure 5.8 Graph of load-lateral displacement at centre (non prestressed model) 
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Figure 5.9 Graph of load-lateral displacement at middle of vertical edge 
(non prestressed) 
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Figure 5.10 Graph of load- axial force in the tubes (non prestressed model) 
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Figure 5.15 Load-Stress graph at vertical gauge position 'C' (non prestressed 
model) 
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Figure 5.16 Load-Stress graph at horizontal gauge position D' (non prestressed 
model) 
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5.2.6.2 The prestressed model 
Good agreement between the numerical and experimental results is achieved in load- 
displacement graph at the centre of the model in Figure 5.17. But the experimental 
load-displacement curve at the vertical edge is bifurcating at a higher load than the 
numerical one in Figure 5.18. An explanation for this is given in the following 
paragraphs. 
In the numerical solution it was assumed that all four skeletal members have the same 
amount of prestressing force in them, however, experimentally this was not achieved. 
This can be observed in Figure 5.19 which shows the graph of load against axial force 
in the skeletal members. It can be seen from this graph that all four tubes have different 
prestressing force (after release and losses) in them. This could be because of the 
imperfections in the model and/or the initial stress in the tubes were not equal before 
release. Temperature change and creep of the perspex material could also be 
contributory factors. It is also evident from the graph that skeletal members (tubes) 
No.! and No. 4 have the highest prestressing force in them. This causes a greater 
tension in the plates in the left hand region of the model, where the "edge LVDT" was 
recording displacement data; therefore, the experimental edge displacement has a 
higher bifurcation value in Figure 5.18. 
Figure 5.20 shows good agreement between the two methods at gauge position `A' (see 
Figure 5.1), but there are differences in the measured values given by the two 
techniques at the other gauge positions `B', `C' and `D' in Figures 5.21 to 5.25 . 
These could be due to the following factors: 
" Unequal prestressing force in the tubes causing imperfection in the plates. 
" Imperfections in the model prior to the prestressing. 
" Joints were not modelled exactly. 
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Figure 5.20 Load-Stress graph at vertical gauge position 'A' (prestressed model) 
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Figure 5.21 Load-Stress graph at horizontal gauge position `B' (prestressed 
model) 
1200 
1000 
800 
600 
400 
200 
n 
: 00» 
............... ........ 
Syo (ep. ) 
-----"- sr (exp. ) 
" Syo (F. E. ) 
" Sr (F. E. ) 
" 10 -s 05 10 
Stress, Sy (N/mm2) 
Figure 5.22 Load-Stress graph at vertical gauge position 'B' (prestressed model) 
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Figure 5.23 Load-Stress graph at horizontal gauge position `C' (prestressed 
model) 
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Figure 5.24 Load-Stress graph at vertical gauge position `C' (prestressed 
model) 
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5.2.7 Discussion of results 
Figure 5.26 shows the comparison between the load-displacement plots for the 
experimental models. The increase in initial and ultimate buckling loads of the system 
are summarised in Table 5.4. The experimental analyses indicate that prestressing the 
DPS does not increase the ultimate loads by very much, but the initial buckling load is 
improved considerably (approximately 100%). The slight increase in postbuckling 
(ultimate) loads in the prestressed model is due to the fact that prestressing reduces the 
effect of imperfections in the plates. This is shown in both experimental and numerical 
models. There was an increase in ultimate load of 14.6% in the numerical model. In the 
experimental model, prestressing caused a change in the failure mode as discussed 
previously; this increased the ultimate load by 7.2%. 
Although the ultimate load in the non-prestressed experimental model is 2.8 times the 
initial buckling load (Figure 5.26), there is also very large and impractical lateral 
displacements. It is usual for design purposes to use the initial buckling values. Hence 
prestressing has beneficial effects in design in serviceability for deflections. 
Table 5.4 Initial buckling & ultimate loads in the test models 
Non-prestressed Prestressed % Increase in 
(N) (N) buckling load 
Experimental 
392.0 765.0 95.1 
initial buckling 
Finite Element 
311.81 633.89 103.3 
initial buckling 
Experimental 
1098 1177 7.2 
ultimate load 
Finite Element 
986 1130 14.6 
ultimate load 
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Figure 5.26 Graph of load-lateral edge displacement for the experimental models 
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5.3 Parameter study 
It can be concluded from the previous sections that if initial buckling should govern the 
design, the more prestress (pre-tension) that is applied to the plates the greater will be 
the initial buckling value of the unit. Clearly the amount of prestressing force is 
directly dependant on the buckling resistance of the tubes and hence on the slenderness 
ratio (L/r). Therefore, important parameters would be the modulus of elasticity, 
diameter, wall thickness and length of the tubes. For practical reasons all the 
geometrical dimensions were kept constant and took the values of the experimental 
model, consequently, the modulus of elasticity of the tubes were changed thus 
increasing the buckling load and the initial prestressing force in the tubes. 
For the purpose of this parameter study it was decided to use the modulus of elasticity 
value of a randomly orientated fibre/polymer composite (equivalent to a Chopped 
Strand Mat composite, CSM) of low fibre matrix weight ratio of 36.4% for the plates. 
This material is consistent with that used in continuum system applications for civil 
engineering structures. The mechanical properties were taken from Johnson 
(1986)[5.7] and are shown in Table S. S. 
Table S. S. Properties used for CSMplates 
Tensile modulus, Ep 8.75 GPa 
Tensile strength 117 MPa 
% Glass weight 36.4 
Resin : Glass ratio 1.75: 1 
Poisson's ratio 0.3 
Plate dimensions (a. b. t) 300x300x1.5 mm 
Moduli for pultruded tubes were arbitrarily varied to represent four different types of 
tubes made of Glass Fibre Reinforced Polymer (GFRP), Glass/Carbon Fibre hybrid 
Reinforced Polymer (GCFRP), Aramid Fibre Reinforced Polymer (AFRP) and Carbon 
Fibre Reinforced Polymer (CFRP). These are shown in Table 5.6. 
Table 5.6 Tubes moduli, modular and axial stiess ratios 
GFRP GCFRP AFRP CFRP 
Tube Modulus, Et (GPa) 35 70 105 175 
Modular Ratio, Er (tubes/plate) 4 8 12 20 
Axial Stiffness Ratio, Ar Er (tubes/plate) 0.4 0.8 1.2 2.0 
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An experimental investigation carried out by Rustum (1984)[5.7] on glass fibre 
reinforced polyester tubes and glass /carbon hybrid fibre reinforced polyester tubes 
showed that for tubes of 25.4 mm diameter and 2 mm wall thickness with 60% fibre 
content by weight, the failure stress under a compressive force was similar and of the 
order of 220 MPa. Therefore this value was used in all F. E. analyses. 
It was also necessary to investigate the effect of the introduction of flanges around the 
unit. This has the effect of increasing the buckling load and decreasing the lateral 
displacements; as was investigated in Chapter 3 for SPSs; it also facilitates the joining 
of two or more such units. The introduction of flanges could also indicate that the DPS 
is a secondary structure supported along all edges by a primary structure (e. g. a frame). 
The thickness of flanges were taken to be 3 mm and the width of the flanges were the 
same as the overall thickness of the units (H = 21 mm). 
A further investigation was undertaken to fill the gap between the plates with rigid 
foam. This should increase the buckling resistance of the unit. Phenolic foam (PF) was 
chosen for this purpose which is a rigid thermosetting resin with good chemical and 
temperature resistance and it also has high resistance to water vapour transmission and 
water uptake. Typical properties of PF is given by Hollaway (1993)[5.7] and the values 
used in the F. E. analyses are shown in table 5.7. 
Table S. 7 Mechanical properties of phenolic foam 
Density 100 Kg/m' 
Compressive modulus 40 MPa 
Shear modulus 15 MPa 
Compressive strength 0.9 MPa 
Shear strength 0.3 MPa 
Poisson's ratio 0.3 
5.3.1 Finite element modelling 
The same model which was validated by experiment was used for the parameter study. 
Flanges were modelled using the same shell elements as were used for modelling the 
plates. To model the core the C3D27R brick element was chosen, which is a 27 noded 
quadratic displacement brick element with 3 D. O. F. at each node and uses reduced 
integration. This element, (a 3-D variable node solid element) allows mid-face nodes to 
be introduced on any element face and could be employed in conjunction with the 9- 
noded shell elements used to model the plates. 
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In order to verify the modelling of the DPS with foam infill, a simple problem was 
chosen and the result from an eigenvalue analysis on a F. E. model was compared with 
the result obtained from an analytical method suggested by Allen (1969)[5.2]. The 
problem considered was a sandwich panel under inplane uniform edge loading along 
its horizontal edges and simply supported along all four edges. More details about the 
problem is given in Appendix D. The buckling load from the F. E. analysis was 75.5 kN 
and the analytical solution was 90.2 W. The F. E. result was therefore 16.3% lower 
than the analytical one and was considered to be conservative. Doubling the number of 
elements did not change the buckling load significantly. It was therefore decided to use 
the same mesh for the system with the foam infill. However, to simplify the modelling 
some approximations were considered. Firstly, foam was considered to fill the gap 
completely between the plates with the volume of skeletal members (tubes) ignored. 
Secondly, in the actual unit, the foam was to be added after the transfer of prestress and 
therefore the foam would be originally unstressed, but this was not considered 
numerically and at the time of prestress transfer the foam, as well as the plates, was in 
tension. 
5.3.2 Initial prestressing force and loss of prestress in the tubes 
The most conservative value of compressive force which could be resisted by the tubes 
of the skeletal frame would be the value of the overall buckling load of the tubes over 
the length `L' in Figure 5.4 with pin end boundary conditions (Euler's buckling loads). 
This means ignoring the lateral restraint given by the plates and the extra rigidity and 
end fixity provided by the joints. 
However at prestress transfer there will be a loss of prestress due to elastic 
deformation, creep of the composite material and the relaxation of the steel 
prestressing rods. In this investigation only the loss due to elastic deformation is 
considered. This loss is a function of axial stiffness ratio of the tubes to the plates 
(ArEr). Reduced area (vertical or horizontal area) of the tubes are used in the 
calculations of these ratios. 
To find the loss of prestress due to elastic deformation, the F. E. models, with the four 
different tube materials, were analysed for the DPS and the flanged DPS. In addition an 
analytical method based on the loss of prestress in concrete beams given by Kong and 
Evans (1987)[5.5] is used to 'calculate the loss due to elastic deformation. In this 
method which is given below, the plate action is taken into account. The values of the 
prestress loss are given in Table 5.8 using FE method and equations (5.11) and (5.12). 
List of Symbols for the following analytical approach to the loss of prestress: 
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P Force 
f Stress 
c Strain 
A Area 
E Modulus of elasticity 
n Poisson's ratio 
Atx Area of tubes in the X direction (reduced area, i. e. Atx At. cos 45) 
ft Initial stress in the tubes immediately before transfer 
5ft Loss of Stress of prestress in the tubes due to elastic deformation of the plates 
List of Subscripts; 
p Plate 
t Tube 
x, y Direction 
r Ratio (tube/plate) 
After transfer of prestress, the tension in the prestressing rods is transferred to the 
plates. At this stage the forces in the plates and the tubes must be in equilibrium and 
also the strains must be compatible. Since this is a two dimensional stress problem, the 
forces and the strains are considered in both X and Y directions. However, as the unit is 
symmetric and square and assuming that the prestressing force in all the tubes are 
exactly the same, the forces and strains in both directions are equal. Figure 5.27 shows 
the equilibrium of forces in the unit at a corner joint position after transfer. The 
following calculations show the loss of prestress in the tubes due to elastic deformation 
(elasticity loss). 
Plates Pp` 
21ýý 
PPY 
ty P 
Ptx 
Tube 
Figure 5.27 Equilibrium of forces in the unit at a 
corner joint position after transfer 
Equilibrium condition; 
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ppx = Ptx 
f 
(fcx - Sftx) - Acx 
px A 
px 
Compatibility condition; 
Epx = Etx 
Where Epx =E" (fPx - vfpy) and 
p 
:. Epx= 
E" fpx (1 - v) and 
P 
Substituting (5.6) into (5.4) 
Ep"8ft. 
f= 
P` Et (1 - v) 
From (5.3) and (5.7) 
fPx = fPY 
Sftx 
Et" Et 
Ep ' 5fcx ft. - Atx - 8ftx - At. 
Et (1- v) Apx 
Rearranging 
S ft 1+ (1 - v) " 
Et 
" 
At" 
- fc` " (1-v) " 
Et 
" 
Atx 
EP AP`] EP APX 
8ft. [I + (1- v) " Er " Arx] = ftx [ (1- v) " Er " Arg] 
Loss of prestress in X-direction 
(1-v) Er Arx 
5 ftX =1+ (1 - v) Er Arx 
f 
Total loss of prestress in the tubes in square units 
(5.2) 
(5.3) 
(5.4) 
(5.5) 
(5.6) 
(5.7) 
(5.8) 
(5.9) 
(5.10) 
(5.11) 
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Sftx '- S ft"2 
Sf =+. f t Ft-x fty t 
(5.12) 
Table 5.8 Percentage loss of prestress due to elastic deformation 
Model Method GFRP GCFRP AFRP CFRP 
DPS F. E. 41 58 68 78 
--- Analytical 31 51 65 82 
Flanged DPS F. E. 35 52 62 73 
--- Analytical 28 47 61 79 
The loss of prestress in foam filled systems is taken as was considered in the DPS 
because the axial stress in the foam is very small and can be considered negligible (in 
practice the foam is added after transfer of stress). Figure 5.28 shows a comparison 
between the analytical and numerical calculated values for loss of prestress over a 
range of change in axial stiffness ratio. It is evident from Table 5.8 that as the modulus 
of the tubes are increased (hence increasing the axial stiffness ratio) the loss of 
prestress is also increased. 
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Figure 5.28 Comparison between the analytical and FE method for loss of 
prestress due to elastic deformation: (a) DPS, (b) Flanged DPS. 
In order to keep the final prestressing force (after loss) equal in value to the Euler 
buckling load of the tubes of length `L', the initial prestressing force is increased 
accordingly. This means that initially the tubes are compressed beyond the buckling 
values of pin ended Euler columns of length `L'. This is possible because, at the time of 
prestressing, the centre joint is fixed in direction and position. Consequently, the 
slenderness ratio is doubled by virtue of reducing the length to L/2 and, in addition, one 
end boundary condition is changed from `pinned' to `fixed'. Clearly, by carefully 
releasing the prestress, the desired prestressing force can be maintained. In practice 
there will be other losses due tö creep of composite and relaxation of the steel 
prestressing rods which are not considered here. 
The percentage loss values are taken from FE results and these are given in Table 5.8. 
The initial required prestressing force in the tubes are shown in Table 5.9 for both 
DPSs and flanged DPSs; for the Foamed DPSs the same values are used as for the 
DPSs. 
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Table 5.9 The required initial prestressing force for different units 
Unit Force (N) GFRP GCFRP AFRP CFRP 
Required prestress 1470 2940 4410 7350 (after loss), Pr 
DPS fractional loss, P, 0.41 0.58 0.68 0.78 
--- 
Initial force, Pi = (P, 2491 7000 13781 33409 /1-P1 ) 
Flanged DPS fractional loss, P, 0.35 0.52 0.62 0.73 
--- 
Initial force,. P1= (Pr 2261 6125 11605 27222 
/1-PI ) 
5.3.3 Determination of the initial buckling loads 
Eigenvalue analyses were carried out using the FE method to calculate initial buckling 
of the units. Prestressed and non-prestressed conditions were considered for three 
different types of units. Each unit was considered with four different tube materials. 
The results of the first modes are shown in Table 5.10 and the first mode shapes for 
different units are shown in Figure 5.29. The relationship between the initial buckling 
values for different types of units and the change in axial stiffness ratio is given in 
Figure 5.30. The introduction of flanges, and of rigid foam in particular, increases the 
initial buckling loads dramatically, as does prestressing in DPS units. 
The effect of prestressing is clearly shown in Figure 5.31 which gives the percentage 
increase in initial buckling versus axial stiffness ratio. The effect of prestressing 
increases as the axial stiffness ratio increases and prestressing is most effective in the 
case of DPS with high axial stiffness ratio (i. e. carbon fibre tubes); this results in an 
increase of over 600%. In the case of the flanged system, there is a maximum increase 
of over 150%. However, the foamed system shows a maximum increase of the order of 
only about 16% which indicates that the thin plates are no longer the critical part of the 
system (as in this case they are acting independently) but that they are now an integral 
part of the sandwich system; hence the skeletal members are no longer the primary 
structure. 
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Table 5.10 Eigenvalues and % increase in initial buckling load by prestressing for different 
units 
GFRP GCFRP AFRP CFRP 
Units Pcr (N) mode Pcr (N) mode Pcr (N) mode Pcr (N) mode 
DPS 883 A 939 A 957 A 1018 A 
Prestressed 2108 A 3442 A 4823 A 7463 A 
% increase 139 266 404 633 
Flanged DPS 7344 B 8640 B 9578 B 10831 B 
Prestressed 10830 B 15465 C 19617 C 27496 C 
% increase 47 79 105 154 
Foamed DPS 31666 D 34422 D 36369 D 39007 D 
Prestressed 32690 D 36619 D 39917 D 45380 D 
% increase 3.2 6.4 9.8 16.3 
dode A Mode I3 
Y 
X 
Z 
'ode C Mode L 
Figure 5.29 First mode shapes for different units 
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Figure 5.31 Increase in initial buckling by prestressing 
In order to show the advantages of the different units compared with the DPS, all their 
buckling load values are normalised with respect to the buckling loads of the latter 
system. This is shown in Figure 5.32 which indicates that in all the cases considered 
the use of prestressed carbon fibre tubes gives the best outcome. For a DPS the 
buckling load is increased approximately 7 fold by prestressing, 10 fold by 
introduction of flanges and 27 fold by prestressing the flanged system. Clearly a 
"prestressed flanged" system has a considerable advantage over the basic DPS in terms 
of buckling resistance. 
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Figure 5.32 Graph of normalised initial buckling load against axial stiess ratio 
Units which are foam infilled show a dramatic increase in the buckling loads of up to 
38 times the basic unit (DPS), however, the cost of foam infill can be expensive. 
Furthermore, the prestressing of these units is ineffective in this case since the skeletal 
frame is no longer the primary structure; increase in the buckling load of upto 45 times 
the basic unit is achieved by prestressing (compared with 38 times for that of the non- 
prestressed unit), it can be argued, therefore, that the structural unit will not be a truly 
continuum/skeletal system. However, the effective use of the foam filled system in this 
case is when the unit is under concentrated loads applied at the nodal points of the 
skeletal frame; if this is the case, then the non-prestressed foamed system could prove 
useful when the structure is under high inplane axial loads. 
It seems that prestressing DPS will give the highest percentage increase in buckling 
load with the lowest cost since the same amount of material is used and only the cost of 
labour for prestressing must be included. Therefore these systems are chosen for 
further investigation by nonlinear analysis. 
5.3.4 Ultimate postbuckling loads 
To investigate the advantages of DPS over SPS both linear and nonlinear analyses were 
carried out and the same amount of material was used for all systems. Both material 
and geometric nonlinearities were considered. Von Mises was used as the failure 
criterion and the tensile strength value given in Table 5.5 for the CSM plate and 
compressive failure stress of 220 MPa given by Rustum (1984)[5.7] was used for the 
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tubes. Table 5.11 shows both initial buckling (Linear) and ultimate postbuckling 
(Nonlinear) values. 
Table 5.11 Initial buckling and ultimate loads for SPS and DPS units 
Units GFRP GCFRP AFRP CFRP 
L(N) NL(N) L(N) NL(N) L(N) NL(N) L(N) NL(N) 
SPS 947 8360 1731 11900 2297 11900 2990 11900 
883 6360 939 10900 937 12700 1018 13500 
DPS 
1%t 1%t 1%t 1%t 
2108 7000 3442 11800 4823 12900 7463 13500 
Prestressed DPS 
1%t 1%t 5%t 5%t 
Figure 5.33 displays load-displacement curves for all four systems with different tube 
materials. From the relationships, the clear benefit of prestressing can be seen, 
especially in the case of systems with carbon fibre tubes. In Figure 5.33(d) the linear 
estimates of the initial bucklings are also shown on the graph. Initial buckling estimates 
prove to be very useful if the design criterion is based on a limitation of the lateral 
deflections in service particularly in the case of prestressed system. The intersection of 
the linear estimate and the load-displacement equilibrium path gives a lateral 
displacement of about 2 mm which, although it is larger than the thickness of the skins 
(1.5 mm) but is less than 10% of overall thickness of the system (H=21 mm). 
For the purpose of these analyses, it was assumed that the first modes were the critical 
modes and these were used as an imperfection seeded in the mesh to trigger the 
bifurcation. However, because the prestressing has the advantageous effect of reducing 
the imperfections (in current problems), a larger percentage of imperfection was 
needed for systems with higher prestressing force. An imperfection of 1% of the 
thickness of the skins (t) was used for all systems except for the prestressed AFRP and 
CFRP systems which utilised an imperfection of 5%t (see Table 5.11). 
The results show no significant increase in ultimate loads when the technique of 
prestressing is used; this was also indicated during the experimental investigations. In 
all models the geometric nonlinearity was the dominant one and material failure 
occurred locally around the corner joints in the plates and the tubes well inside the 
postbuckling path where the lateral displacements were too large to be of any interest 
to the designer. 
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Figure 5.33 Load-Displacement graphs for systems with different tube material; 
(a) GFRP, (b) GCFRP, (c) AFRP, (d) CFRP. 
Figure 5.34 shows the Von Mises stress distribution in the front plate of the prestressed 
DPS with CFRP tubes at three different stages; (a) just after release of prestress, (b) at 
initial buckling, (c) at ultimate load. 
It is worth noting that where high modulus of elasticity skeletal members are utilised in 
conjunction with low modulus of elasticity plates (which should be the case if the 
prestressing is to have its maximum effect), care must be taken to avoid material 
failure, due to stress concentrations around the corner joints at the time of transfer of 
prestress. This can be achieved by using the appropriate amount of prestress, which 
should be released gently and/or by increasing the fibre content around the joints. At 
transfer the stress concentrations are observed around all corner joints. When the 
structure is loaded, the stress concentrations are highest on the horizontal edges near 
the corner joints, because these edges resist additional horizontal tensile forces whilst 
under uniaxial compression. 
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Finally if large lateral displacements are to be avoided, it is evident that the ultimate 
load must not be too large in comparison with the initial buckling load. This is shown 
in Figure 5.35 by normalising the ultimate loads with corresponding initial buckling 
loads. The graph shows that changing from a SPS to a DPS has an adverse effect and it 
actually widens the margin between the initial buckling values and the ultimate values. 
This becomes worse as the axial stiffness ratio is increased; clearly it is due to the fact 
that the thickness of the plate is halved for the DPS and hence the buckling of the skins 
occur earlier in the load history compared with the SPS. However, prestressing the 
DPS is advantageous and it reduces this margin to a factor of about 2, in the case of the 
unit which uses carbon fibre tubes. 
The use of flanged DPS is more practical because the flanges can accommodate 
connection of adjacent units. The flanges therefore can be manufactured in the shape 
shown in Figure 5.36, so that the adjacent units can be connected together using a 
"toggle" and adhesives. In the case of the prestressed systems, the results of the 
parameter study indicates that the prestressing is more effective for the unflanged 
system. Therefore it is more useful to prestress the units before adding the flanges to 
the units; the flanges can then be bonded to the units in the form of pultruded channel 
sections in a shape so as to accommodate the toggle. 
Adhesive 
Figure 5.36 Connection of two adjacent units 
5.4 Discussion 
In Chapter 3, it was shown that connection of a single square plate continuum to a 
specific configuration of skeletal members at discrete nodal joints will result in a 
continuum/skeletal unit with improved buckling characteristics compared to those of 
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its individual components. To further improve the buckling behaviour, two plates were 
combined with the skeletal system sandwiched between them, and subsequently the 
plates were pre-tensioned to increase the initial buckling of the system. 
An experimental investigation proved the practicality of the prestressing technique and 
also validated a finite element model of the structure. The experimental results 
indicated that the prestressing of the DPS did not increase its ultimate load by very 
much but the initial buckling of the system was improved by as much as 95%, hence 
the prestressing had beneficial effects in design in service conditions. This prompted a 
parameter study to examine the effects of prestressing on three different structural 
units; a DPS, a flanged DPS and a foamed DPS. 
An analytical formula was derived for the calculation of loss of prestress due to elastic 
deformations which gave reasonably good predictions of prestress loss compared to 
those evaluated by the numerical analysis. 
The parameter study consisted of a series of linear static, eigenvalue and nonlinear 
static analyses and the following conclusions are made from the findings of the 
parameter study: 
" Prestressing is beneficial in the case of DPS, an increase of more than 600% over 
the non-prestressed unit is achieved. 
" DPS can replace SPS with advantage provided the DPS is prestressed. 
" Prestressed flanged units exhibit increase of initial buckling loads of more than 
150% over the non-prestressed units. The failure mode is one of local buckling 
failure of the plates. 
" Increase in the buckling loads through prestressing the foamed DPS are small and 
are of the order of 16%. 
" Inclusion of a rigid foam material in a DPS increases the buckling load of the unit 
dramatically but this must be weighed against the high costs of adding foam infill. 
The results of the nonlinear analyses also showed that if the large lateral displacements 
in the units are to be avoided, then the ultimate load value must not be much greater 
than the initial buckling value. The difference between these two values can be reduced 
by prestressing of the system and this margin can be used as a factor of safety. 
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Chapter 6 
Conclusions 
The thesis was presented in three main chapters related to buckling behaviour of: 
" Single plate continuum/skeletal units. 
"A double layer roof structure made from the single units. 
0 Double plate continuum/skeletal units. 
For each section, both experimental and numerical analyses were undertaken, these 
were followed by a parameter study to determine the effects of change in number of 
variables and to find an optimum structure within the context of the considered 
variables. 
6.1 Single plate continuum/skeletal units 
The objectives of this investigation have been listed and explained in Chapter 1 and 
have been mainly achieved. The main aims of this part of the investigations were to 
ensure that the continuum was an active component of the system (i. e. taking a share of 
the applied load). and that the overall system should have a higher buckling load 
capacity than that of the sum of its individual components (i. e. an interaction between 
the constituents). A gradual buckling failure rather than a sudden failure was also 
desired. 
The above criteria were to be investigated under inplane uniaxial compressive 
concentrated loading with the loads being applied to the system at the nodal joints. To 
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do this, a configuration study was carried out in which different configurations of 
skeletal systems connected to a square plate at discrete nodal joints were considered. 
An optimum configuration was determined and experimental models of the chosen 
system were tested and compared with the numerical models; good agreement between 
the two techniques was demonstrated. From the results of the experimental 
investigation and the configuration study, it was evident that the ultimate buckling 
failure of the system was accompanied by large lateral displacements, especially at the 
free vertical edges of the plate. To reduce these lateral deflections, flanges were 
introduced along the edges, and a parameter study was undertaken on both flanged and 
unflanged units in which two variables were changed; the modulus of elasticity and the 
diameter of the skeletal members. The flanges served two purposes; those of reducing 
the deflections and those of accommodating the connection of the adjacent units 
together. Of course, the presence of the flanges also increased the ultimate capacity of 
the units. From the parameter study, it was found that, there existed two distinct 
buckling modes; a half sine wave mode and an anticlastic buckling mode shape, 
depending on the position of the centroid of the stiffness of the whole system. This 
position changed with ratio of the axial stiffness of the skeletal frame to that of the 
continuum (or the continuum plus the flanges in the flanged units). It was also 
demonstrated that the provision of the flanges was not always advantageous in the 
sense that, due to the existence of the two buckling modes, in some cases it had an 
adverse effect on the lateral edge displacements. Three sets of curves were produced, 
each for a particular slenderness ratio (L/r) of the skeletal members (`L' being the 
overall diagonal length), denoting optimum axial stiffness ratios of 1.7,1.1 and 1.0 for 
the slenderness ratios of 212,141 and 106 respectively. It was noted that all the models 
with optimum axial stiffness ratios displayed the half sine wave mode shape. It is also 
worth mentioning that although the overall modes were those of the half sine wave 
mode shape, an anticlastic curvature was also present, but obviously this was not the 
dominant mode. 
The change in the axial stiffness ratio may be achieved by only varying the size of the 
skeletal members, implying that the units do not have to be manufactured from 
composite material which can provide a variety of modulus of elasticities according to 
the type and volume fraction of the fibres. However, the size of the diameter of the 
skeletal members is constrained by the size of the nodal joints and large diameter 
members require large and impractical nodal joints, but by increasing the modulus of 
elasticity of these members instead of the diameter, the size of the nodal joints could be 
minimised. 
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A preliminary investigation into other loading conditions demonstrated that the system 
offers equally good buckling capacity with characteristics of a gradual failure under 
other loading conditions (i. e. biaxial compression and uniaxial tension), with the 
exception of the inplane shear-load case, which although its ultimate capacity was as 
high as the biaxial compressive load case, but the failure was sudden. However, if the 
unit is to be used in a modular construction of a shear panel/wall, then an appropriate 
parameter study should be carried out to improve its characteristics under shear 
loading. 
6.2 Double layer roof structure manufactured from the single plate systems 
The structural module developed in the previous section was employed to form a 
double layer stressed skin roof system. Since the structure was to be manufactured 
from glass reinforced polymer composite (more appropriate to the construction 
industry from the economic point of view), the low stiffness of this material could 
cause large deformations. Therefore the overall geometry of the structure was chosen 
so as to increase its geometric stiffness (i. e. a closed form shape). 
An experimental investigation was undertaken on a 1: 10 scaled perspex model which 
validated a finite element solution that was in turn employed in a parameter study of a 
full scale GRP roof structure. The loading of the experimental model was applied as 
concentrated loads at the nodal joints for simplicity, however in practice a uniformly 
distributed load (UDL) would be more appropriate. To take account of this, and 
because the main nodal joints were stiffer than the secondary nodal joints, the total load 
on the roof was distributed between the nodal joints according to their stiffnesses. This 
type of loading was compared with a uniformly distributed loading for the full scale 
model and it was concluded that, except for the local effects of the UDL on the top 
layer continuum, there was a very good agreement between the two loading types. This 
justified the method used for the loading of the experimental model for approximating 
the UDL. 
In the parameter study of the full scale model, UDL was utilised throughout the study, 
employing nonlinear analysis. An imperfection equal to 100% of the thickness of the 
continuum in the form of the lowest buckling mode shape was introduced in the 
geometry of all models. Three parameters were varied in the study; the thickness of the 
plate, the thickness of the flanges of the individual units which formed the ribs and the 
diameter of the skeletal members. It was concluded that the most economical way to 
maximise the stiffness and the ultimate strength of the structure was: 
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" To increase the diameter of the skeletal members whilst keeping their wall thickness 
small enough so as to have stocky members which fail by local buckling of the tubes 
wall. This can be controlled by L/r and R/t ratios. 
" To increase the thickness of. the ribs sufficiently to stop the lateral buckling of the 
internal compression ribs. This is controlled by the slenderness ratio (b/t) of the 
outstand. 
" To keep the thickness of the continuum to the minimum required to resist 
weathering and other long term effects, e. g. creep. 
The results of the investigation suýýested a thickness of 0.3 cm for the continuum, a b/ 
t ratio of 10 or less for the ribs and a L/r ratio of less than 50 combined with a R/t ratio 
of greater than 14 for the skeletal members. 
The main advantage of this structure over a conventional steel space frame would be its 
self weight, considering that the density of GRP (with a fibre fraction of 0.5) is 
approximately 1/4 of that of steel, their stiffness/weight ratios are approximately the 
same and strength/weight ratio of GRP is 5 times greater than that of steel. The GRP 
roof would result in less loads on columns and foundations, and also the transportation 
and lifting of the structure in construction would be easier. The individual units would 
be manufactured in a factory and the roof segments would be assembled on site and 
lifted into position. The lack of the diagonal members simplifies the joints and the 
connection process hence reducing the erection time. However, to further reduce the 
shear deformation of the structure, Aramid wire cross-bracing between the main 
columns in the longitudinal direction could be provided 
The results of the nonlinear analyses also revealed that the behaviour of the structure 
was linear elastic up to high factors of live loading with large deflections, therefore 
under short term high loads (e. g. gusts of wind) the structure would return to its 
original state without any material failure. This was also noted in the experimental 
investigations carried out on the GRP units of the single plate system. 
6.3 Double plate continuum/skeletal units 
To further improve the buckling behaviour of the single skin units; a double skin 
continuum/skeletal unit (DPS) was proposed and the skins of this system were pre- 
tensioned to increase the initial, buckling of the system. 
An experimental investigation proved the practicality of the prestressing technique and 
also validated a finite element model of the structure. The experimental results 
indicated that the prestressing of the DPS did not increase its ultimate load by very 
much but the initial buckling of the system was improved by as much as 95%, hence 
the prestressing had beneficial effects in design in service conditions. This prompted a 
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parameter study to examine the effects of prestressing on three different structural 
units; a DPS, a flanged DPS and a foamed DPS. 
An analytical formula was derived for the calculation of loss of prestress due to elastic 
deformations which gave reasonably good predictions of prestress loss compared to 
those evaluated by the numerical analysis. 
The parameter study consisted of series of linear static, eigenvalue and nonlinear static 
analyses and the following conclusions are made from the findings of the parameter 
study: 
" Prestressing was advantageous in the case of DPS, an increase of more than 600% 
over the non-prestressed unit was achieved. 
" DPS could replace SPS with advantage provided the DPS was prestressed. 
" Prestressed flanged units exhibited increase of initial buckling loads of more than 
150% over the non-prestressed units. The failure mode was one of local buckling 
failure of the plates. 
" Increase in the buckling loads through prestressing the foamed DPS were small and 
were of the order of 16%. 
" Inclusion of a rigid foam material in a DPS increased the buckling load of the unit 
dramatically but this must be weighed against the high costs of adding foam infill. 
The results of the nonlinear analyses also denoted that if the large lateral displacements 
in the units were to be avoided, then the ultimate load value must not be much greater 
than the initial buckling value. The difference between these two values could be 
reduced by prestressing of the system and this margin could be used as a factor of 
safety. 
6.4 Recommendations for future investigations 
" To extend the parameter study of the single plate system by considering other 
parameters like; the dimensions and modulus of elasticity of the flanges and the 
continuum. This could be taken further by carrying out a full optimisation process 
using an iterative process as explained in Chapter 3. 
" To optimise the above units under different loading conditions, especially under 
shear loading which the system proved to be sensitive. 
" To undertake a stiffness tailoring of the continuum by increasing the fibre volume 
fraction and/or modulus of elasticity of the fibres in the critical regions of the 
continuum, e. g. the edges and around the nodal joints. 
" To evaluate the effect of nodal load eccentricities and to compare the nodal inplane 
loading with uniform edge displacement of these units, particularly when the unit is 
part of a larger panel, e. g. a wall. 
" To employ unidirectional composite material for the ribs and the tubes of the 
skeletal members. 
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" To model the tubular members accurately to examine the local buckling of the walls 
of the tubes. 
" To examine use of aramid wire bracing in the proposed roof structure. 
" To use the structural units in a two way spanning roof structure to explore the 
biaxial load bearing capacity of these units. 
" To consider the effect of creep of the composite material in the loss of prestress in 
the prestressed systems. 
" To investigate the prestressed units under uniform edge and lateral loadings. 
" To utilise the prestressed units as a building block of a larger structure. 
" To explore other geometric shapes for the prestressed units, e. g. an equilateral 
triangular unit which could be used in stressed skin shell structures (domes). 
6.5 Original work and contributions 
The author considers the development of the following as his original work and 
contributions: 
"A specific skeletal frame configuration which can be utilised in conjunction with 
`thin' plates. When these two components are integrated, the resulting structure has 
a considerably higher buckling resistance compared to that of the sum of its 
individual parts. 
"A structural unit which can be used as a building block for modular construction of 
structures. This unit serves two purpose; those of a stressed structural system and 
those of a cladding panel. This unit has the advantage of being able to resist inplane 
loading as well as transverse loads. 
"A roof system made from low modulus material which derives its stiffness from its 
overall geometry, individual units configuration and load sharing between the 
continuum and the skeletal system. The structure resists high ultimate loads 
compared to its self weight. 
"A method to prestress the continuum part of the structural units. This is ideal for 
thin plates because it increases the initial buckling of the plates dramatically, 
enabling the units to be used in service conditions where the displacements are 
restricted. 
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Appendix A 
Mesh study 
The eigenvalue analysis is useful in providing guidance about mesh design because 
mesh convergence studies are required to ensure that the eigenvalue estimates of the 
buckling load have converged. This requires that the mesh is adequate to model the 
buckling modes which are usually more complex than the pre-buckling deformation 
mode. Also eigenvalue analysis is usually significantly less expensive than the load- 
displacement analysis (nonlinear analysis). An investigation was carried out into mesh 
refinement and type of elements to be used in the numerical models for modelling the 
skeletal members and the continuum. 
For the skeletal members, a simple problem of Euler buckling of a column which was 
fixed at one end and pinned at the other was considered. The mechanical and geometric 
properties used in the calculations were; E= 30000 N/mm2, D=8 mm, L= 424 mm, 
v= 0.32. The critical load is given by; PE = (2.04). 7t2EI/L2 = 676 N. Two types of 
elements were used; a 2-noded linear beam element (B31) and a 3-noded quadratic 
beam element (B32), both with 6 DOF at each node. The results are given in Table A. 1. 
Table A. 1 
No. of B32 71 1 No. of B31 % 
1 1604 2 1104 
2 718 4 775 
4 679 8 700 
8 677 16 682 
Element B32 gave the best results with a mesh of 8 elements giving the closest value to 
the analytical solution. However a mesh of 4 elements gave only 0.5% error and one 
with 2 elements was 6% in error. 
For the continuum, a plate buckling problem was chosen, using linear or quadratic 
quadrilateral shell elements with 5 or 6 DOF at each node. The structure was a square 
plate simply supported on all four edges under uniaxial compression. The geometric 
and mechanical properties were; a=b=2m, t=0.01 m, E= 108 kN/m2 and v=0.3. 
The critical edge force is given by; ' 
N 4zt2D/b2 = 90.38 kN/m, where D= Et3/ 12(1-v2) = 91575 kNm. The results of the 
eigenvalue analyses are shown in Table A. 2. Both S8R5 and S9R5 shell elements gave 
the best results for a4 by 4 mesh. 
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Table A. 2 
mesh element edge load 
8x8 S4R 92.80 
8x8 S4R5 92.76 
4x4 S 8R 95.32 
4x4 S8R5 90.52 
4x4 S9R5 90.52 
A mesh refinement was carried out for a continuum/skeletal structure (System-4 of 
Chapter 3) under inplane loading using the chosen elements in nonlinear analysis. 
Table A. 3 
Continuum Skeletal members Load factor 
4x4 (S8R5) 2 (B32) 1.14 
8x8 (S8R5) 4 (B32) 1.15 
8x8 (S8R5) 8 (B32) 1.22 
The same mesh arrangements were used for S9R5 elements and the same results as 
given in Table A. 3 was obtained. Therefore a mesh of 4 by 4 of S8R5 or S9R5 for the 
continuum and 2 beam elements of B32 for each skeletal member were adequate for 
modelling the continuum/skeletal units. However for many models a finer mesh was 
used in the analyses to be able to approximate the modelling of the nodal joints using 
Multi-Point Constraints (MPC). 
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Appendix B 
PROGRAM PERTURB 
PARAMETER (NN=3198, ISIGN=1, P=1.0, H=0.5) 
DIMENSION ALL(NN, 7), NNUM(NN), XYZOLD(NN, 3), DISP(NN, 3), XYZNEW(NN, 3) 
OPEN (UNIT=1, FILE='datainp', STATUS='OLD') 
OPEN (UNIT=2, FILE='dataout', STATUS='NEW') 
REWIND(1) 
REWIND(2) 
READ(1, *) ((ALL(I, J), J=1,7), I=1, NN) 
DO 5, I= INN 
C WRITE(2, *) (ALL(I, J), J=1,7) 
5 CONTINUE 
C ******ss** 
DO 10, I=1, NN 
NNUM(1)=ALL(I, 1) 
C WRITE(2, *) NNUM(I) 
10 CONTINUE 
C ******s*s* 
DO 20, I=1, NN 
DO 30, J=1,3 
K=J+1 
XYZOLD(I, J)=ALL(I, K) 
30 CONTINUE 
C WRITE(2, *) XYZOLD(I, 1), XYZOLD(1,2), XYZOLD(I, 3) 
20 CONTINUE 
C ******s*** 
DO 80, I= INN 
DO 90, J=1,3 
K=J+4 
DISP(I, J)=ALL(I, K) 
90 CONTINUE 
C WRITE(2, *) DISP(I, 1), DISP(1,2), DISP(I, 3) 
80 CONTINUE 
C s********* 
DO 150, I=1, NN 
DO 160, J=1,3 
XYZNEW(I, J)=XYZOLD(I, J)+(ISIGN*P*H*DISP(I, J)) 
160 CONTINUE 
150 CONTINUE 
C *s***: s*** 
WRITE(2,170) 
170 FORMAT ('*NODE') 
DO 200, I=1, NN 
WRITE(2,180) NNUM(I), XYZNEW(I, 1), XYZNEW(I, 2), XYZNEW(I, 3) 
180 FORMAT (2X, I5, ', ', 2X, E 12.4, ',, 2X, E 12.4,, ', 2X, E 12.4) 
200 CONTINUE 
STOP 
END 
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Calculation of wind loading 
The wind loading on the roof structure was calculated according to CP3: Chapter V: 
Part 2 (1972) Wind loads. 
Wind 
1=40m 
nl 
0.5 
2.0 
6.0 
The dynamic pressure due to wind is given by q=k Vs2 where VS V. S1. S2. S3. The 
basic wind speed, V is taken to be 40 m/s and S1 = S3 = 1, the ground roughness (S2) 
for category 3 and class `C' structure with a max. height of 8.5 m is taken to be 0.66. 
Therefore VS 26.4 m/s and q= 427 N/m2. 
-0.6 
+0.7 
Cpe 
(a) a=0 (b) a= 90° 
-0.2 -0.2 
-0.2 -0.2 
+0.3 
Cpi 
(c) Internal pressure 
Four possible combinations of external pressures (wind at 0 or 90°) with internal 
pressures (either pressure `cl' or suction `c2') are as follows: 
-0.8 -0.3 
+1.0-º 
(a) + (c I) 
-0.8 -0.6 
-0.5 -0.5 t-- 
Cpe 
-1.3 -0.8 
7 
+0.5 -º -0.5 
(a) + (c2) 
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IwI 
Slope =10° 
-0.5 -0.3 -1.0 -0.8 
-0.2 t- -º -0.2 -0.7 t- --I o--0.7 
(b) + (c I) (b) + (c2) 
Only the combination (a) + (c2) was used for the wind loading on the structure in 
Chapter 4 as shown below: 
555 342 
213 -º 
213 N/m2 
Wind Loading on the roof / vertical units 
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Appendix D 
Buckling of an isotropic sandwich panel with thin identical faces 
The problem considered is a square plate, simply supported along all edges, under 
uniform uniaxial edge load. 
Ef= 8750 MPa 
Ec=40 
Gc=15 
v=0.3 
a=b= 300 mm 
t= 1.5 
c= 18 
d=19.5 
1 a=b 
d it 
It is assumed that the core makes no contribution to the bending stiffness of the 
sandwich and the shear stresses are constant through the depth of the core. The local 
stiffness of the faces about their own axes are also neglected (d/t = 13 > 5.77). 
Flexural rigidity, D= Eg. t. d2/2(1-v2) = 2742187 Nmm 
Shear rigidity, DQ= Gd = 292.5 Nmm 
K= [(mb/a)+(a/mb)]2/1+p[(m2b2/a2)+1] 
p= DIt2/DQb2 = 1.03 
P, cmn n2D/b2. K 
Pxmn is the critical edge load per unit length which causes buckling in the (m, n)th 
mode, where n=1, i. e. (m, 1)th mode. Substituting the values to find K: for m=1, 
K=1.307; for m=2, K=1.016 and for m=10, K=0.971. Figure 5.4 of reference [5.6] 
gives a constant value of K=1 for p=1 and for any value of m. Therefore a value of 
unity is used for K. 
Pxmn 300.7 N/mm2 
NX 90.2 KN (total load). 
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